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FOREliARD

This preliminary report 'is part of a series intended ultimately

to cover the Cornmonwealth. The purpose is to provide private

c"i ti zens , groundwaten users , devel opers , lvel I dri'l 1 i ng contractors '
consultants, governments and other users with as complete a summary'

as possible, of the groundwater situation, within the geologic

constraints, jn each county.

Using th'is report as a basic document, prospective groundwater

users and other interested partjes may form estimates of the potential

occurrence of subsurface water. Any detajled studies or point-source

studies should, of course, be performed by a trained geohydrologist.

The State ldater Control Board will be available as a public service

organization to accumulate future data, act as source of genera"l

information and to perform a future update of the groundwater resources

and quafity. A glossary of terms is provided to aid those persons

not familiar with the vocabulary of the geologic profession.
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LOUDOUN COUNTY GROUNDWATER

PRESENT CONDITIONS AND PROSPECTS

by

J. R. Murphy

ABSTRACT

Oroundwater is the end-product of geohydrologic conditions and

depends on several variables. The greatest variable is the geology'

followed ciosely by the topographic position. In Loudoun County

the geologic units range in age from approximately 1.1 billion-year-

o1d granites to 200 million-year-old lava materials.

The water-holdjng and subsequent yield'ing characteristics of

a geologic unit are a result of the lithology and degree of tectonic

deformation. These characteristics determine whether a rock unit

is an aquifer (water-bearer) or aqu'itard (water-barrjer) or aquifuge

(unproductive). The areas of limestone conglomerate, sandstonen

and other sedimentary rocks of the Triassic Basin are all fair-to-

excel'lent producing units. The recent igneous rocks (diabase, etc.),

on the other hand, tend to be poor producers, if at all. The areas

conta'ining the ancient plutonic and volcanic rocks yield the greatest

quantities of water when fault structures are encountered; otherwise

they tend to be dr"y" Other characteristics relevant to a unit's

water-bearing potentjal are discussed in the text.

Data are presented'in the text discussing hard and soft water

regimes and speeific chemical characteristics encountered 'in each

groundwater province.

X'I V



Pollution must be considered as a threat to continued use of

groundwater. Such items as septic tanks, drainfields, buried fuel

and chemical tanks, all have a potential for fajlure. Unl'ike surface

waters, there is no easy, orinexpensive, wdy to flush the water table.

Pol I ution, regardl ess of type, normal 1y wi 11 s'uay unti I i t 'is no

longer dangerous. This poilution may last generations, not iust

years.

The U. S. Census Service estimates that there are approx'imate'ly

5,000 wells in Loudoun County. 0f this number, many are owned and

have been used by towns, subdiv'is'ions, schoois and industries. The

majority, however, belong to individuals.

A map is included in this report that indicates the potential

for groundwater as it present'ly is known. Indications are that the

major fault zones, the Triassic sed'iments and the Potomac River

margin possess the greatest potential for future groundwater

development. Attent'ion also is directed towards several areas wherejn

larger yie'lds of water have been found than the regional averages

would cause one to expect.

XV



CHAPTER I

INTRODUCTION

Backg!"ound

Loudoun County encompasses 
.l339 

square kilometers (5.|7 square

miles) in area, located in the northern tip of Virginia (Plate l).
It occup"ies a part of economic region III as defined by the V'irginia

Divjsjon of Planning. The eastern edge of the county lies approximately

35 miles west of the nation's capital. The county is rural in

naturen although about 35 percent of the population lives in urban

areas. One-fourth of the people live in the eastern portion of the

county, and s'l'ightly less than 50 percent of the employed workers

commute outsjde of the county. The 1975 populatjon was 48,900, with

a 5.6 percent increase noted between 1970-74. The incorporated towns

and their number of inhabjtants (1974 data) are: Hillsboro (98),

Leesburg (7000), Lovettsville (485), Middleburg (800), Purcellville

(2000), and Round Hill (600). In addition, the planned communities

of Sterling Park and Sugarland Run have, respectively, .|3,600 
and

5,500 persons. The populatjon is expected to increase at a slower

rate than prevjously, to 60,100 in .l980, 
and ultimately to .|10,200

by the year 2000.

Present'ly about two-thirds of the total acreage of Loudoun County

is in agricultural or open space useage. The number of'large farms

has continued to increase yeariy, whereas the number of acres actually

used for agricuiture has declined. Statewide the county rated ninth

(1970) in total value of al1 agricultural products, with 87 percent

being livestock and related products. As a result of local government's



effortsn several industries have moved into the southeast portion of

the county around the Dulles Airport Complex. These industries

include manufacturing and training" Other labor categories jnclude,

in order of the size of the labor force, Public Adminjstration,

Retail and Wholesale trade and Services, with smaller, but equal

numbers in non-agricultural wage and salary, and Non-manufacturing

(Data Summary, Loudoun County, 
.l975). Professionals make up a'lmost

27 percent of the total labor force, with clerical specia'lties being

second.

The jncrease in popu'lation, plus the change 'in the econom'ic

base, has produced a resultant change in housing patterns. Previously,

pnior to 'l950, single dwellings on one-acre piots, or large p'lots

with scattered apartments, r^,ere normal . The pract'ices of today:

to develop 'large apartment complexes and townhouses, plus subdivisions,

have produced 'increased local demands on water-supply facilities.
In eastern Loudoun County most of the water is purchased from

the City of Fairfax (Goose Creek Water System). This causes a

problem. As the need for water increases, so does the price and

the price of procurement. Groundwater already is a partial answer

to this problem. The town of Hamilton obtains water from six wells.

Leesburg utilizies six wells and a spring, whereas Middleburg only

uses groundwater as a supplement to river supplies. Hillsboro,

Purcellville, and Round Hill use springs andlor dam-reservoir

combi nations. The County Sani tat'ion Authori ty 'is attempti ng to

provide water to the unincorporated areas, although private sources

also are used. Local 'industries frequentlv have drilled their own

wel I s.
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Surface water, spring, and danr combinations are usually better

long-range solutjons to water shortages, but they do cost rnore than

groundwater systems and once exhausted cannot cheaply be replaced-

Purpgs_e and Scope

The purpose of this report is to summarize available data

concerning groundwater resources in Loudoun County and provide readers

with a concise, though prelimifldf|: booklet of the existing and

potential groundwater condjtions.

It is a harsh fact that man cannot l'ive without potable water

supplies. His l'ife expectancy without it is limited to about three

days, depending on environment and degree of exertion. Therefore,

this report attempts to identify areas of undeveloped groundwater

and present the qualjty of known supplies. Some problem areas will

be outl ined.

Methods of Investigation

It has been said by an unknown philosopher that, "All civilization

ex j sts at the i ndul gence of geo1ogy. " The occurence, ava"i l abi l i ty

and qua'l ity of groundwater are geology-dependent. Therefore, the

geo'logic framework of the County was investigated from available

reports and unpublished data. Information on the productivity of

water wells was examined and consolidated w'ith the geoiogic data

to establish the correlation between geo'logy and well yields. The

influence of topography on well y'ields also was considered, as were

the depths and construction characteristics of the wells. Chemical-

quality samples were collected at selected sjtes to establish the

effects of geoiogy, and of man, on groundwater quality. These data



were supplemented with chemical analyses from public water-supp'ly

wellso provided by the State Department of Health. Other sources of

information on the hydrogeology of the county include data from

water-level observation wells, water level measurements from private

and public wel1s, pumpage records, pumping tests and other information

provided by well drillers.

All water well information and records of water quality analyses

used in this report are in the files of the State Water Control Board

headquarters office in Richmond and the Northern Regional 0ffice 'in

Alexandria. These data have been computerized for storage and

retrieval and were used to compi'le Appendices A and B.

Previous Investigations

The earliest mention of the geological conditions of Loudoun

County is found in a metalurgical survey by Hotchk'iss, pub'lished

in .|884. 
During the next few years, several papers and classical

studies were made, among these Rogers, (.l884); Darton (lB9l); Geiger

and Keith (.|89]); Keith (.|893, lB94); Darton and Keith (190]) and

l.lilliams, Keith and Darton (.l90.l). In 'l923, two papers prepared

by 0. E. Meinzer began to relate to the groundwater situations.

Many other geo'logic papers, too many to enumerate, were publ'ished

before R. C. Cady released his Prel iminary Report on Ground-wq_ter

Resources of Northern Virginia in .l933. This was followed by the

full report in 1938. In the 1950's a number of geology and related

groundwater reports followed, v/ritten by Werner, l^Jhitaker, and the

Bloomers. P. It'!. Johnston published five reports on the geology and

groundwater of the washington area in the .|960's, 
which added further



information applicable to the County. 0ther authors, l4ack (.l965),

Toer,ie (.l966, l968) and Parker (.l968), among them, wrote geology

neports on portions of the county during the same period. The 
.i970's

have seen the advent of geophysical data and much more detailed,

localized reporting. The most recent report on a portjon oftJre county

is one by K.Y. Lee of the U. S. Geological Survey (1977). No one

map or report, as yet, covers in detail all of Loudoun County. The

State Geological Map prepared by the Division of Mineral Resources

(.l963) does present the entjre county, but at a scale of l:500,000.

This map does not give sufficient detail for truly accurate ground-

water stud'les. The map presented as Plate 5 is the product of

combining many sources and is general in nature.

t,Jater f,lell Numberling System

The water wells studied for this report are identified by the

State hlater Control Board's Bureau of Water Control Management weli

numbers. Each well number consists of two parts, such as .l53-12.l.

The first number, l53o denotes the County in which the well is

located; jn thjs case Loudoun County. l-he second number, 121, is

a sequential number that refers to a specific well in Loudoun County.





CHAPTER II

PHYSICAL SETTING

PhysiographU

Loudoun County lies in two physiographic provinces, with the

percentage in each being debatable. The western portion is part

of the Blue R'idge Province, whereas the eastern part is in the

Piedmont. The boundary was considered by Toewe, (.|966) Fenneman,

(.|938) and Gathright (personal communication) as being on the fault

line of the Bull Run Fault. This is identified as a line running

north-northeast from near Aldie to a point near U. S. Highway l5 at

the Potomac River. West of the fault line are found Precambrian

and Cambrian-aged, crystall'ine rocks, layered volcan'ics and layered

clastics. One thin unit of 0rdovician limestone is also found west

of the fault. East of the line exist Triassic-age rocks. Several

other authors, among them Dietrich, ('|970) and Espenshade, (1970)

p'lace the boundary in Loudoun County about two miles east of the

West Virginia state border at the edge of the layered volcanic

rocks near Bluemont. The writer of this publication prefers the

p'lacement of the line at the Bull Run Fault, w'ith a further sub-

division of the Blue Ridge Province into a Layered Clastics zone,

a Layered Volcanics zone, and a Basement Complex zone (Gathright,

persona"l communicatfon). This arrangement is also more compatable

with the groundwater discussion (Plate 2).

Elevations in the county range from a high in the western

portion, two miles northeast of the Clarke-Fauquier-Loudoun county

intersection, of 1920 feet above sea leveln to lB0 feet above sea



level in the eastern portion. The elevation at the primary watergap

in the Blue Ridge belt at Snickers Gap (Route 7) is .1080 feet. The

area between the two elevation extremes is characterized, going west

to east, by high ridges and gradually descending, rolling hi1ls.

The entire eastern half of Loudoun County lies'in the Triassic

Lowlands, a subdivision of the Piedmont. This area is characterized

by f l at-to-gently-ro'l 1 i ng topography wi th several prom'i nent north-

east-southeast-trending ridges. The maximum relief of the ridges

is approximately .l00 feet. The cause of the oriented ridges is

two-fold, being tectonic and erosional in origin.

Hydrol ogy

The Potomac River Basin contains all of Loudoun County, although

the county'is defined as part of sub-basjn ll by the Virginia Department

of Conservat'ion and Econom'ic Development, D'iv'is'ion of Water Resources.

The county is subd"ivided further into seven watershed bas'ins (Piate

3). It should be noted that the preponderance of water falling on

these watersheds flows either d'irectly to the Potomac Rjver (north

and northeast borders), or intc Fairfax County to become part of

the Occoquan system. Streams which are found in Loudoun County are

the North and South Forks of Catoctin Creek, North and South Forks

of Beaverdam Creek, Little R'ivero Goose Creek, Piney Run and Broad

Run.

Three streamflow gauging stat"ions are maintained in Loudoun

County. Two of these are located on Goose Creek, whereas the thjrd

is on Catoct'in Creek. The data from these are pubiished by the U.5.

Geologica1 Survey in "Water Resources Data for Virginia." Flow data

IU
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from these stations for the fisca] years .|975,1976, and 1977 are

presented in Table l.
Such data are of relevance, as the average d'ischarge in cubic

feet per second js related significantly to the drainage areas.

The runoff of water from the watershed, translated into inches of

water, can be compared to the rainfall for a similar period of time.

A'lthough the computations are complex, the runoff versus rainfall

versus base flow also can be a gross indicator of the quantity of

water available for recharge of the groundwater table. This recharge

is, of course, not instantaneous but delayed due to the resistance

of the media through which it moves. 0ther factors such as stream

gradients, topography and soil types have strong effects on the

recharge. See Plate 4 prepared by the Loudoun County offjce of the

U. S. Department of Agriculture Soil Conservation Service.

The North Fork and South Fork of Catoctin Creek, Tuscarora

Creek, Dry Mi1'l Branch, Sycolin Creek, South Fork Sycolin Creek,

Broad Run, Russell Branch, Beaverdam Run, Cabin Branch #l and #2,

South Fork Broad Run, and Sugarland Run were stud'ied'in detail for

flood hazards by the U. S. Geological Surveyo the Virgjn'ia Department

of Highways and Transportation, the National Geodetic Survey, the

U. S. Army Corps of Engineers, and the Divis'ion of State Planning

and Community Affairs. The final report was presented in .l976 as a

U. S. Departrnent of Housing and Urban Development publ'ication, Flood

Insurance Study. The streams studied were perennial with distinct and

variable channels" Broad Run and Sugarland Run are broad and flat,

whereas the other channels are narrower and steeper. A'lthough there
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is little commercial, industrial or residential development in the

f'loodplains, many roads and rail lines cross them. The cause of

flooding in Loudoun County is almost entjrely limited to local

ra'instorms and hurricanes. Large floods occurred in .l937, 
1942,

and 1972 (Tropical Storm Agnes). Thus far on'ly one flood prevention

lake has been formed; that being Chantil]y Lake in the Broad Run

watershed near Dulles Airport.

The aforementioned report presents data for predicted .|0, 
50,

.l00, 
and 500 year floods on all the mentioned streams. A presentation

of the results of the flood study is beyond the bounds of this

report. Detailed flood hazard maps are available of the Sycof in

Creek, Tuscarora Creek, Broad Run - Sugarland Run areas, as noted in

the b'i b1 i ography .

General'ly speaking, the qua'lity of surface waters in Loudoun

County is good, particularly the farther one is from the Potomac

River. Catoctin Creek and Goose Creek are noted for good quality

water. Even the Potomac, itself, in western Loudoun County, js

fairly good. The quality of the lower Tuscarora, for the last 4.8

miles'is poor. This latter condition is fairly true of most of the

other streams; their quality degrades the nearer one goes toward the

mouth. Nater-borne sediment is also a problern in two areas of the

County, with the Potomac #4 drainage area and Goose Creek basin

losing up to .|60 
and 290 tons of soil material per square m'i1e per

year in l968 (Sl,rJCB, Information Bull. 526, 
.I976).

Cl imate

The climate of Loudoun is judged to be temperate, with an average

17



annual temperature range from -loc to 23oc (:oor to 73oF). Normal

temperature extremes are from -24oC to 42oC (-ttor to l07oF). The

average annual rainfall is approximately 
.l.07 meters (+Z inches)

per yearo although the year 1977 was exceptionally dry. The prevaiiing

w'ind is from the southwest with seasonal w'inds from the northwest.

Frequently the clash of the two a'ir masses causjng these wjnds

produce heavy rains and subsequent flooding.

The tabulation presented below is taken from the Climatologic

Data assembled by the National 0ceanic and Atmospheric Administration

for a period in excess of twenty years.

Jan.

0

(32. B )

Jan .

59. 9

(2.36)

Feb.

2

(36. r )

Feb.

60.4

(2. 38 )

AVERAGE MONTHLY TTMPERATURE 
0C (or)

Mar. Apr. May June July Aug. Sept.

7 13 t8 22 24 24 20

(44.6) (55.0) (64.1) (72.4) (76.0) (75.3) (0e.a1

AVERAGE MONTHLY PRECIPITATION MILLIMETERS (INCHES)

Mar. Apr. May June July Aug. Sept.

95.3 8l .0 l0t.6 il9.4 86.l 93.2 72.6

(3.75) (3.1e) (4.00) (+.70)(3.3e) (3.67) (2.s6)

Oct. Nov. Dec.

1482
(57.7 ) (46.e) (36.0)

Oct. Nov. Dec.

71 .6 6t .5 85.6

(2.32) (2.42) (s.37)

The recording station is located at Lincoln in west central Loudoun

County. West of the stat'ion the winters are more severe and summers

cooler than at the station. It should be noted that usually the

hottest month is Ju1y, whereas the lowest temperatures are recorded

in January. Further, the wettest month is normally June, with the

driest months being the period September through November, and January

through February.

I'lost groundwater is recharged during the fa11 and w'inter months

l8
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since vegetation utilizes the Spring and Summer rains. Previous

severe droughts occuryed in 'l930-37, 1943-45, 
.|953-55, 

and 
.l964-65.

Soils

As noted in the Loudoun County Soil Survey,1969, the sojls of

the county are djvided jnto 55 series and also eight miscellaneous

land types. Such a divers'ity js explained by quoting The Sojls

That Support Us. "F"irst, there are those differences due to local

variations in parent rocko slope and age. Secondly' there are those

differences due to cljmate and vegetation. Then, there are some

soils so young that no new features have developed, such as the

fresh material just deposited by a stream, or the almost bare slopes

of the mountains, or the dry, nearly sterile sand along the beach."

(Ke11ogg, 1941).

Generally speakirg, d g'iven soil is divjded into three zones:

a surface horizono a subsojl and a parent material zone. Another

way of consjdering the soil is to think of three horizons overlyjng

the rock, or parent material" bJithin these three basic horizons,

and often overlying them, are other zones. Such a situation expressed

graphically, for a mild temperate cljmate with moderate rainfall '
would be as shown in Fjgure 1.

The A horizon is characterized by the chemical alternation of

the soil material 'in acjdn reducing environment. Clays of the

kaolin'ite family, soluble carbonates and simisoluble jron minerals,

if produced, are leached downward by moisture, leaving the horizon

silica-rich. Therefore, the center portjon of the zone is usually

sandy and light colored. The upper portion is dark-colored from

organic materjal.



Hori zon Descrj pti on

0 0rgan'ic litter, humus

A

At Organic Colloids
& Mineral s

(Jo
(U'r(uP

FfO

(+- >

(ucJ
o!Nto

A2 Light Colored
I eached

A3 Leached, but
transi tional

B

Bl Accumul ation
transitional o

(d

EO
UP(J(o
rO'-
q-5
O-

o!Nto

Bz Accumulation, clay
formation, deep color

B: Transition, more
color than C,
carbonate accumul ation

a
Silcia, Carbonate, Sulfate
accumul at'ion , sl i ght
weatheri ng

DorR No Al ternation

Fi gure 'l Idealized Soil Profile

and moderate rainfall.

in a region of mild temperature

(After Sowers & Sowers, 
.|970)

The B horizon is thicker than A and contains an accumulat'ion of

clay materials, irono and carbonates. The B., layer can be partially

cemented and deeply colored, whereas the B, layer is lighter in color.
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Below the two true so'il horizons is the C layer of slightly

weathered, or crumbly bedrock. If an ancient, unrelated soil' a

paleosoil, is present, it'is called the R horizon; otherwise the

base layer, jf rocko is the parent material, D.

According to recent thinking there are in Loudoun County ten

major groupings based on maior, similar, soil properties. These

have features affect'ing both urban and rural use. It is stressed

that the codi ng i nd'icat'ing certai n properti es i s not al I i ncl usi ve

and does not apply to each individual soil mapped within an association.

That is the type of detailed information which should be obtained

frorn the detailed soils maps for a given tract.

The ten soil groupings are listed in Table 2 and briefly

descri bed.

It is not the purpose of this publicatjon to descrjbe and define

all the soils of Loudoun County. Such data is available in the

Soil Survey series l95l o r'ro. 8, issued September 1960 by the U. S.

Department of Agriculture. This publication and other more recent

ones are available through the local Soil Conservation Service office.

The primary purpose for mentioning the soils is that survey

pub'lications contain detailed cross-sections of all the soils

w'ithin the county. These cross-sections provide data on the thickness

of the soil layers and the internal-drainage characteristics. These

are an important faetor in water-well productivity, particularly in

areas underlain by crystalline bedrock. The internal drainage

characteristics affect the rate at which water infiltrates the soil

and gives an'indication of the recharge rates. Soil texture is the

major determining factor affecting internal drainage. A coarse-
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textured soil will retain and recharge water more rapidly than a

fine-textured clay, or clay 1oam. An additional benefjt of the

official soil survey publicat'ion is the engineering chart, which

summarizes the texture, permeability, depth to bedrock, depth to

water table and other chanacteristics.

Vegetati on

At present only about 16 percent of the land rema'ins in forests.

Ljttle of this is virgin growth. The predominant tjmber is hardwood,

consi sti ng of oak, hi ckory, ntap'le, beech, Y€l 1ow popl ar, bl ack

locust, walnut, sassafras, dogwood, and persimmon. l,ieeds and

del'iberate pasture plants grow generally well. Additjonal'lyo the

bushes and shrubs of the forest areas are fairly prolific. i'{eedless

to say, vegetated areas act as better watershed and recharge zones

than do highways and urban zones.
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CHAPTER I I I

HYDROGEOLOGY

Geoloqical Setting

0ccupying, as jt does, two physiographic provinces composed

of four sub-provinces, the geology of Loudoun County is very diverse

and complex. Therefore, the hydrologic system developed on and by

the geology is not simpie. The origina] geologic units frequently

have been altered by weathering, tectonjcs, vegetatjon and land use.

The rocks and rock materials, themselves, are assigned to three basic

groups based upon origin. The three origins are sedimentation,

igneous empiacement, and metamorphic processes. This gives rise to

the groups - sedjmentary, igneous, and metamorphic rocks (Plate 5).

The oldest rocks found in the county are the granite and

granite-l'ike rocks of the MarshalI Formation and granuf ite gneiss

to the Southwest. Though gran'ite-like all these rocks are gneissic

in nature. Above this group are other metamorphic rocks of sedimentary

origin. These rocks include sandstones, boulder beds, congiomerates

and recrystallized limestone. Above this complex were deposited

many layers of basaltic lava flows. These also have been metamorphosed,

with three easily recognized facies being present.

The metabasalt, called the Catoctin Formation, covers a wide

area of the county and is the primary ridge-former of the Blue

Ridge Mountains. Overlying the Catoctin is a narrow belt of up to

500 feet-thick quartzites, interbedded phyllites and cross-bedded

cong'lomerates .

Throughout most of the county, the Bull Run fault marks an

?7



abrupt change from Cambrian (?) age,570 M.Y.B.P., to Triassic age

190-225 M.Y.B.P., sedimentary rocks. However, in the extreme north

central and south central portions of the county wedges of meta-

morphic rock border the lowest edge of the fault. Both of these

wedges, approximately 122-152 meters (440-500 feet) wide at the

widest points, taper to zero several miles short of the Washington

and 0ld Dom"inion Rajlroad tracks west of Leesburg.

The northern wedge contains metamorphosed sediments of the

Hampton (Harpers) Formation and the Erwin (Antietam) Formation of

quartzite and silty phyilite. The southern wedge, on the other

hand, is almost entirely quartzite oftheWeverton Formation, with

a very thin band of Loudoun Formation phyllite on the west (Gathright,

personal communicatjon ) .

As stated previously, the Bull Run fault forms the physiographic

boundary and marks the western border of the Triassic lowlands portion

of the Piedmont Province (Plate 2). It is thought that the fault has

a vertical displacement of as much as 3048 meters (.l0,000 feet) with

the eastern block being downthrown (Parker, l968). Th'is block is

comprised of sedimentary rocks which have locally been intruded by

igneous rocks. The sedimentary rocks are grouped into four bas'ic

types: conglomerate, both limestone and quartz; sandstone; shale or

si I tstone; and pyrocl ast'ic rock.

Several theories have been put forth to exp'lain the origin and

subsequent geologic history of the Blue Ridge - Piedmont section of

the United States. But regardless of theory, there are only a few

places where stratigraphic units can be correlated from one side of

the Blue Ridge to the other. Thus, establishing a correlatjon between
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the well-known m'iogeosyncl'inal rocks west of the Blue Ridge with the

very-poorly-known eugeosynclinal (?) rocks of the Piedmont has become

a maior problem jn Appalach'ian geology studies.

Some authors feel that the Blue Ridge occupies the site of a

welto or "median geant'icljne", that persisted throughout nearly 300

milljon years (Reed, 1970). Related to this idea, Drake, Ewing, and

Sutton proposed, in .|959, that the Blue Ridge, deep'ly buried at the

time, was the dividing zone for two separate bas'ins of sedimentary

deposition; the western basin being a shallow shelf tt"ough, while

the eastern trough was deep receiving potentially over 6.|00 meters

(20,000 feet) of material. Basement uplift later exposed the entire

eastern continental margin to erosion and produced today's Blue

Ri dge.

0thers authors, notably Dewey and Bird (1970a' .|970b) say that

the Blue Rjdge, being basaltic rock, represents the site of upwelled'

oceanic crust material caused by continental collision. The coll'ision

in this case was between the North Amer"ican and African plates. Thus

the Pjedmont Province is really a residual portion of the African

continental glued onto the North American continent.

In any event, the oldest rocks, the granitic gneisses' are

thought to be l000to ll00 million years oid. These rocks were

upl ifted, exposed to eros'ion, and looal]y overlain with variable

th'ickness of boulders and sediments.

Beginning in late Precambrian time lavas and tuffs of the

Catoct.in system were deposited over the basement rock and local

sediments. Further sediments were deposited between the lava flows.



Feeder dikes and sills of gabbro penetrated underlying rocks at this

time (Brown, .l970).

The weight of the load of sediments caused subsidence in the

eastern trough and to a lesser extent the western trough. Some local

uplift took place of suffjcient duration for a so"il to form before

reburial; thus producing jn local areas the Loudoun Formation. Above

the Catoctin Formation, and local Loudoun, next was deposjted the

quartz sand of the present Weverton Format'ion, followed by mudn silt,
and sand forming the upper Weverton and Hampton (Harpers) Formations.

The last-recorded period of deposit'ion was the sandy material of the

Erwin (Antietam) Formation. If any later deposition took p1ace, it
has been removed by later erosion.

In later Paleozoic time, horizontal forces from the southeast

(continental collision ?) produced compressional strain in the rock

unjts. More competent rocks were fractured and faulted, while less

competent rocks flowed. The forces also caused metamorph'ism by

heat and pressure, which changed many of the sedimentary units:

i.e., sand, limestone, sjlt, etc., into quartzite, marble, and slate

respecti vel y.

During Triassic time, normal tension faults developed, with down-

dropping on the east side. Associated with this cracking due to

tensional stress, more 'igneous material, mostly basaltic jn nature,

was emplaced. The ancestral Triassic Basin, to the east of Bull Run

fault, began receiving clastic sediments. The gran'ites were formed

by deep'intrusion of molten rock'into already-established beds.

These subsequently have been exposed by heavy erosion. Such erosional

forces are still at work producing the landforms of today.
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Geoloqig Formatjons

A simplified geolog'ic map of Loudoun County is shown in Plate 5.

Table 3 lists the rock format'ions. It should be noted that the column

begins wjth the oldest at the bottom and becomes younger upward; in

the order that the rocks would be encountered by a driller. The water-

bearing properties have also been noted 'in general terms. The exact

age re'lationships ane also indefinjte in some cases, aS much more

geologic work 'is needed. A discuss'ion of the groundwater characteristics

of the format'ions accordjng to lithology and physiographic province is

presented further in the text.

The Marshall Formation 'is the oldest recognizable unjt in the

study area. The unit has been called the Basement Complex (Bloomer

and l,Jerner, I 955 ) , Vi rgi ni a 81 ue Ri dge Comp'lex (Brown, I 958) and

various formational names. These rocks are found in a wide belt

5.6-.10.5 kilometers (3.5-6.5 mi'les) wide jn the western half of the

county, bounded on both sjdes by the Catoctin Greenstone. Several

types of intermediate and gran'itic gne'iSses are widespread in the

belt. These general'ly are considered by the geologic profession to

have been of igneous origin, later metamorphosed. Some authors have

reported what they believe to be rocks of sedimentary origin intruded

by granites (Jonas and Stose, .|939). Parker (.l968) considered the

eastern side of the belt as being the shallower edge of the Marshall

and reported 'it as being chanacterized by smaller crystal sizes. In

the western, deeper side, he neported feldspar phenocrysts up to 50

mjllimeters (2 jnches) across. The coarser texture and different

assocjated minerals, i.e. garnets and biotite, suggests a higher

grade of metamorphism for the western edge. An extensive quartz vein
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system occurs on the eastern half and leaves masses of blue quartz

when weathered.

In the case of a eroded antieline, such as the Blue Ridge area,

the rock un'its decrease in age from the core outward. Thus' the next

unit encountered on each side of the Marshall Formation is the Swift

Run and Catoctin Format'ions, depending on local conditions. Late

Precambrian erosion of the gneissic and grantic basement rocks

produced a relief of several hundred feet. Into these drainage

features were deposited boulders and cobbles of the basement rocks,

i ntermi ng'led wi th f iner mi neral products of mass-wast'ing. The

depositional pattern was discontinuous, yie'lding here some deep beds

of one type rock and in other areas shallower beds. The rock types

grade upward from boulder beds to cobble-conglomerate to coarse-

grained arkose and piaty-bedded, fine-gra'ined feldspar-bearing sand-

stone. The beds are often lent'icular and of limited lateral extent.

Sericjte and quartz form 65-90 percent of the groundmass. 0ther

minerals such as chlorite, epidote, and iron compounds occur'loca11y.

At the iop of the phyllitic arkoses, where they grade into

phyllites, there are zones of bluish-white, recrystallized limestone

(marble) lenses, typically shallow in depth and up to 30 meters ('|00

feet) long (Parker, l968). These were called the Everona Format"ion

by Tinsely Mack in 1965. They appear to be enclosed in the upper beds

of the Swift Run Formation. Their thickness ranges from 4 to 29 meters

(.|4 to 95 feet), whereas the colors and textures range from white'

9rdy, light blue, and light green, with fine to medium crystals.

Some talc, graphite and mica occur as impurities in jndividual out-

crops. Recent work has determined that the ljmestone of this type
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found in Loudoun County are not typical of the Everona, therefore

suggesting the use of the (?) after the term (Gathright, personal

communi cation ) .

The bulk of the western half of Loudoun County is composed of

two bands, the eastern being the wider, of the Catoctin Formation.

This unit is composed almost completely of greenschist-facies, meta-

morphosed, basaltic rock. The most typical form is a dark-gray-to-

black'ish-green, massive, lava flow with fractures. A pistachio-green,

epidosite form is the next most common form. The third variety is a

chloritic phyllite which apparently nrarks zones of maximum stress-

relief during diastrophism (Parker, .l968). 
Between the flows are

found beds of phyllites, rhyo'litjc metatuff and metasediments, and

purpl e sl ates. The I attelin an amygda'loidal form was previously

called the Loudoun Formation.

The next three rock units are lumped together as the chilhowee

Group and are detrital marine sediments which have undergone 1ow-

grade metamorphism. The lowest unitn approximately 137-.|83 meters

th'ick (450-600 feet), is the Weverton Formation. The formation

occupies a pos'ition along the west virginia border of Loudoun County

and another linear slice adjacent to the Bull Run Fault. The most

common const'ituent of the Weverton is a quartzite, w'ith lesser

quantit'ies of phyllite, quartz pebble conglomerate, sandstone, and

sandy phy11ite. Generally, the quartzite is impermeable.

stratigraphicaily above the weverton Formation is the Hampton

(Harpers ) Formation of laminated-to-thick-bedded, dark-grayish-green,

very-fine-gra'ined, phyllitic, feldspathic graywacke with ledge-forming,

medium-to-thick-bedded, coarse-grained quartz sandstone and quartzite.
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The unit is reported to be up to 6l meters (200 feet) tfrtck west of

the Bull Run Fault.

Continuing upward from the Hampton Formation is found the Erwin

(Antietam) Formatjon of white, fine-grained quartzite, si'lty phylljte'

and sericitic quartzite. From the Potomac River the unit extends

southwestward for about 7.2 kilometers (4.S m'iles) before tapering

downward 'into the Bull Run Fault.

About 2.4 to 3.2 k'ilometers (t 1/2 to 2 miles) north of Lucketts

and west of the fault a small mass of lower 0rdovic'ian Frederick

l'imestone is found (CaOy, l93B). This thin exposure consists of a

blue, slaty, crystalline limestone. The depth of the formation is

thought to be between 30-61 meters (.]00-200 feet). Although called

0rdov'ician in age by Cady, the V'irgin'ia Divjsion of Mjneral Resources

has iabeled it as Cambrian. This is the reason for the question mark

in the Explanation of the geologic map.

The Newark Group comprjses the suite of sed'imentary rocks,

Triassic in age, which lies east of the Bull Run Fault and comprises

almost the entire half of Loudoun County. The Group has been divided

by K. Y. Lee (United StatesGeological Survey, 1977 ) into the Manassas

Sandstone, Balls Bluff Sjltstone and Bull Run Formation. The Manassas

has a Reston member and a sandstone member. The Bull Run is alscr

further divjded into the Leesburg Limestone Congiomerate member and

Basaltic-flow bearing ciastics member (Plate 5). These rocks,

predominately red to maroon in color, jnclude conglomerates, Sand-

stone, siltstonen and shale. All the various units are interbedded

vertically and interfinger lateraily. Additionally, several 'large

bodies of igneous rock, primarily diabase (bluestone), have been
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iniected into the sedimentary units. 0ther igneous rocks noted are

syenite and basalt. The syenite resemb'les granite, but 'lacks the

normal quartz content. I\ilost of the igneous rocks are found as dikes,

sills or stocks, a'lthough many lava flows and volcanic ash deposits

are also present.

The limestone conglomerate outcr"ops west of Leesburg in a large

north-south trending deposit. It interfingers with sandstone, shale

and pyroclastics south and east of Leesburg. The limestone pebbles

are from 6.35 millimeters (O.ZS inches) up to several feet in diameter,

all in a red matrix of quartz, feldspar, calcite, mica, chlorite,

and clay (Toewe, .l966). 
The majority of pebbles are calcite or

dolomite, whereas about 25 percent are quartz, and the remainder meta-

basalt, schist, feldspar, phyllite, and shale pebbles.

The quartz conglomerate is exposed throughout a large portion of

the Southern part of the county, particularly around LeesburE. l'lere

the pebbles are 45-55 percent quartzitic material, 6.35 millimeters

(0.25 inches) to t52 m'illimeters (6.C inches) in diameter. Such

deposits are up to .|83 
meters (000 feet) in thickness.

The shales and sandstones owe their color to varied proportions

of iron oxide, both as a constituent and as grain coatings. The

shales range from soft to extremely brittle. The sandstones frequent'ly

contain high enough proportions of feldspar to be counted as an arkose,

Colors noted are p'i*k, gray, ned, maroon, brown, and green. Grain

textures range from medium to coarse. The Manassas and Bull Run

units represent fan-shaped river or stream deposits, whereas the

Balls Bluff was deposited chiefly in lakes. It should be mentioned

that the latter beds of siltstone are frequently calcareous.
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In the area between Arcoja and Conklin and along Virginia routes

659 and 772 there are severa'l zones of "baked" shale. This dark'

dense rock, called hornfels, forms adjacent to igneous intrusions

where country rock is cooked by the high temperatures. The meta-

morphosed rock may resemble a basalt. The zone of affected rock can

extend up to 0.8 kilometer (O.S mile) from the intrusion and exhib"it

transitional metamorphjsm from heat source outward.

Geologic Structure

In the most simplified terms the structural geology of Loudoun

County may be thought of as a largeo eroded, upward-arched fold of

rocks (western part)o bounded by a deep normal fault and flanked to

the east by a large basin of sedimentary, igneous and volcanic debris-

origin rocks. The regional trend of all the structures is close to

N200E.

The Blue Ridge port'ion of the county may be thought of as one

large upwarp of the earth's material .I2"9 kilometers (B miles) wide

upon which smaller folds 20 meters to 200 meters (60 to 650 feet)

were superimposed. There were several periods 'in geologic history

when strong horizontal, compressive forces further upwarped the surface

and exposed the whole area to eros'ion.

The Triassic Basin, part of the larger Cuipeper Basfn, was

uplifted at its northern end and downwarped in the south. It was

later tilted westward and north and downdropped along the Bull Run

fault. The diabase intrusions occurred during the dropping (Lee, 'l976).

The Bull Run Fault, itself, extends north and south out of Loudoun

County into Maryland and southern Orange County, respectively, a

distance in excess of .|45 kilometers (gO miles). The fault-p'lane dips
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southeast at on an angle of 300-500 (Keith, .|893). 0ther normal faults

are also present in the county, but most are roughly perpendicular to

the Bull Run. l'lost of these occurued after the diabase intrusions.

The tectonic forces to which the area was exposed also caused the

regiona'l joint system. Three joint sets are evident in the Triassic

sedimentary deposits. Predominately these are east-west, nearly '

vertical to vertical, and N50oE, with dips 70oSE to vertical. In the

rocks on the west side of the fault the dominant joint sets are Nl0oS,

NBOoE, and N45oW, with all dips being nearly vertical. Such ioints

can be the sites for small-volume water supplies.

The basin sediments are thicker on the west side and th'in-to-a-

feather-edge on the east. The angle of incljnation is l5o-20o to the

northwest, with the greatest dips in the west.

Groundwater

Groundwater is an integral part of the earth's water circulation

system, which is called the hydrologic cycle (Plate 6). Groundwater

originates from precipitation in the form of rainfall or melt'ing

snov'r. That portion of the p.recip'itation available to groundwater

recharge is equal to the total precipitation minus evaporation,

transpiration by grow'ing plantsn runoff to streamsn and the amount

held as soil mixture. Some of the water that infijtrates through

the soil zone is held by cap'i'l1ary forces above the water table; the

remainder moves do'snward by the force of gravity and replenishes

the groundwater, causing the water table to rise. Therefore, countrary

to popular opinion, each rain does not recharge the groundwater

tabl e.
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Sojl saturated,
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V Water Table

Figure 2 Soil Moisture Distribution

The surface of the water table is rarely flat, but has undulations

usually conforming to the topography. The water table is higher under

hills than under valleys. However, the relief of the water table

surface is more subdued than the topographic expression. Therefore,

the depth to the water table is greater under a hill than under a

va1 1ey.

The differences in elevation of the water table and the force

of gravity cause movement of the groundwater. This movement often

results in the natural discharge of groundwater through springs.

Springs or seeps occur where the water table intersects the land

surface, usually on the sides of slopes and in valleys. Thus, high

topographic areas are commonly groundwater recharge zones, and low

topographic areas are commonly groundwater d'ischarge zones.

The dominant factor that influences the occumence of subsurface

water is the geology of the area. This is part'icular'ly true where
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the underlying solid rocks have a very 'low permeabiljty. In these

cases subsurface flu'ids are transmitted mainly through fnactures and

solution open'ings. The former occur due to deformation forces and

the latter due to decomposit'ion of mjneral constituents. Such voids

are referred to as secondary permeability and are directly related to

the structure and lithology of the rock units present (DeKay,1976).

Groundwater does not flow jn "underground streams" except in

limestone or dolomite caverns, which are probably limited to the

Leesburg area. Instead, groundwater normally f'lows through the inter-

connected pore spaces in sediment and fractures in rock. The rate of

movement ranges from a few inches per year to a few feet per day.

Groundwater movement in crystalline rock 'is affected by structures

in the bedrock, particularly fractures such as faults and joints.

The direction of movement is affected by the a'lignment and incljnation

of the fractures. The rate of movement is influenced by the number

and size of the fractures, and the depth of movement is determined by

the depth to which the fractures extend.

Groundwater movement may be caused artificfally by withdrawals

at wells. The pumping of a well will cause the water level in the

v'ic'inity of the well to drop, resulting"in movement of groundwater

towards the well. The vertical distance that the water level in the

well drops is termed the drawdown. The drained space between the

original water level (static water level) and the lowered water level

(pump'ing water level) outside the well is roughly cone shaped, and

is termed the cone of depression. The cone of depression spreads

outward from the well as it is pumped. The cone of depression

eventually will stabilize at some distance for the well if the with-
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drawal rate is not excessive. If two or more wells are placed too

close to each other, the cones of depression of each will intersect

and may result in excess'ive drawdowns, decreased yields, and possibly

the "drying-up" of one well.

Aqui fers

An aquifer is a geologic formation that is capable of containing

and transmitting groundwater. Aquifers may be compr"ised of uncon-

solidated sediments or of fractured, consolidated rocks. Groundwater

is contained in the pore spaces of sediments, such as sand or gravel,

and in fractures or cracks in crystalline rock, such as granite.

Aquifers may be of two types: (l) unconfined or water-table

aqu'ifers and (2) confined or artesian aquifers. Both types are

present in Loudoun County and examples are illustrated in Plate 6.

In an unconfined aquifer, the water table is the upper surface

of the zone of saturation. The surface of the water table is at

atmospheric pressureo whereas water below thjs surface is at a higher

pressure due to the weight of the overlying water. In an unconfined

aquifer, water is able to infiltrate downward through the zone of

aeration and reach the water table.

In an artesian aquifer, the groundwater is separated from the

zone of aeartion by a confining 1ayer, such as an impermeable clay

bed. Groundwater in a confined aquifer is under pressure in excess

of atmospheric pressure. |'lhen the confining layer is penetrated by

a drill bit, the groundwater quickly rises in the bore hole. The

water level in an artesian well stands above the aquifer that the

well taps. If the artesian pressure is sufficiently h'igh, the water

may flow freely at the surface. However, a well does not have to
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flow freely for an artesian condition to exjst. Cady (1933, .|938)

reported there were few to no artesjan systems in Loudoun County and

whaf few there were would be limjted to the southern part of the

basin near the fault line.

The depth to the static water level of an aquifer can be

measured in any well that is not being pumped. If the well is in a

confined aquifer and the upper water table is cased-off, the measured

water level is termed the artesian surface (or potentio-metric

surface). In a wel'l tapping an unconfined aquifer in which water from

the upper zone is allowed to enter the well, the measured water ievel

is termed the water table. The depth to the groundwater in either

case will depend on several factors including: the geologic formation

in which the well 'is drilled, the confining condition of the aquifer'

the topographic position of the well site, the time of year the

measurement is taken (water levels fluctuate seasonally), and the

proximity to pumping we11s.

Groundwater somet'imes flows for many miles jn extended aquifers,

but frequently, especially for unconfined aquifers, it has partly

or totally orig'inated from surface infiltration within a radius of

a few mjles of its occurrence. The recharge area for most water-

table wells'is the immediate area around the well for a radius of

several hundred feet. The Triass'ic Basin tends to act as its own

recharge area, with nearly a1l the absorbed water being used through

the wells drilled there or going away as the base flow of the streams.

Therefore, it is 'important what contam'ination sources are located

within the basin. Recharge of an artesian aquifer may occur from

latenal migration from the outcrop area of the aquifer or from vertical
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leakage through semipervious confjning beds.

Basement Complex - Bl"ue Ridge Province

The Basement Complex, consist'ing of the Marshall Forrnation and

other granite-like rockso is not generally thought of as a good

water-bearing complex. Where massive, the rock is practica'l1y imper-

meable except for the faults and joints. Toward the eastern edge of

the outcrop area, however, the schistose planes are more open due to

tectonjcs and weathering. f{ere water for domestic use is general'ly

abundant. The yields decrease below 
.l20 meters (400 feet) as the

cracks and joints become sealed by pressure. Cady (.l933) reported

that below 60 meters (200 feet) a 19 1pm (S gpm) increase in yield

could be expected for every 30 meters (.|00 feet) of addjtional depth.

Beyond 
.|20 

meters he made no predictjons.

The controlling factors of many we'I1 sites in western Loudoun

County are the thickness of the soil overburden, the porosity and

permeabi 1 i ty of the overburden , the topograph'i c pos"i ti on of the wel I

site, degree of fracturing of bedrock, occurrence of mineralized zoneso

and the lithology of the parent rock. The first three items affect

the storage capacity and rate of recharge of the rock. This is

particularly true in the upper zone of the bedrock and in the presence

of joints.

The topograph'ic position of the well site is very important, as

wells drilled in areas of low elevations statistically have better

yie'lds. This is probably due to such areas having buried faults,

joint lines, soluable bedrocko and decomposed strata. More to the

point, low areas are receiving recharge from hjgher elevations within

the same rock units.
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Drilling jn the Marshall Formation wi11, except for local areas'

be difficult, accompaniecl by a high rate of bit wear. Acceptable

water frequent"ly will be found iust at, or slightly below, the zone

of decomposed bedrock. The volume will usually suffice for domestic

use. Special screening precautions should be taken when driving the

casing 'in order to take advantage of this water.

Frequently concentrated zones of mjnerals will produce better

water Sources than the parent rock. This is true in cases where

layers of britt'le quartz'ite are enclosed in granites or basalts; or

where calcitjc beds are found'in between basalt flows or dense conglom-

erates.

Layered Clastics

This sujte of rocks occupies the smallest area, yet contains a

great djversity in formations and lithologies. The seven formations

include boulder and cobble beds, arkose, phy'llite, graywacke, quartz-

pebble conglomerate, sandstone, quartzite, limestone, and marble.

The poss'ibi'l'itjes of ffnding useable quantities of water in the various

units are j'ithologically and tectonicaily controlled. The lithology

effects the water holding and storage capacities chemically, whereas

tectoncis caused mechanjcal breakage.

The Swift Run occurs in outcrop bands and several irregular-

shaped areas. Texturally the unit ranges from a boulder bed to

medi um-grai ned sandstone.

The banded areas should be considered as poor-quality watgr-

yie'lding beds, although the irregular bodies in the south central

portion of the county have had wells producinE'in the 25-100 gpm

range. The unit probab'ly can be over-pumped easily.
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Some of the best-qual ity water could be expected from the so-

called Everona (?) Formatjon. However, due to the shallowness and

erratic occurrence of the marblelike limestones, it cannot be relied

upon. Those wishing to exploit the unit should refer to Tinsely

Mack's report already mentioned.

As in the case of the Everona (?) Formation, the Loudoun should

not be relied upon. Its extreme'ly-limited outcrop and shallowness

almost assure that any wells located in it will be of the overburden

type or of low output.

The next three f,ormatjons of the Layered Clastics, the Weverton,

Harpers and Erwin, can be'lumped together roughly for the discussion

purposes. The only unit which has been identified definitely in well

cuttings is the weverton. Indications are, however, that wells nave

been made in all of the formations. Table 2 presents the water-bearing

capabilities of all three. Further discuss'ion of the individual units

can be found in Table 5 of Chapter 5.

The last unit of the layered clastics, the Frederjck Limestone

(cady, l93B), 'is limited to a small section north of and adjacent to

Route .l5, east of Point of Rocks. The thickness of th.is unit r>

unknown, as all the confirmed wells in the Frederick are less than

200 feet in depth. The yields have been reported as unknown, but

adequate for a family dwelling, up to l0 gpm. It is speculated that

this unit should be capable of yields in the 25 gpm-and-above range.

Layered Volcanics

Generally speaking the layered basalt flows, with 'interbedded

metasediments, cannot be considered to be a good source of groundwater

supplies. It was noted that prior to the advent of modern drillinq
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technology nearly all the wells in the Catoctin formation were

shallow, limited to the overburden. As in many other areas, the

topographic position of the well site is of great importance. Low

areas, particularly if l inearin configuration, could be surface

expressions of deep-seated fracturesn and fractures serve as better

water sources. Such fractures are tnore numerous nearer the surface

and decrease wjth depth.

The contact surface between wet sediments and volcanic flows or

quartz zones are usually good water sources in the Catoctin. Howevero

the chances of predict'ing such occurrences are found in areas mapped

as Marshall Formation. The lines between these units are potentia'lly-

better water zones than e"ither formation. Yields from the Catoctin

area have almost a'lways been in the poor-to-infrequent-fair range

lless than 38 ta 76 lpm (.l0 to 20 gpm)1.

Triassic Lowlands

The sedimentary rocks of this iarge section of the County are

the best water sources. Although wells have been drilled to depths

of almost 300 meters (.|000 feet), and a percentage of wells in the

182-243 meters (600-800 feet) range have been dry or inadequate, jt
fs general]y a reliable aquifer. This is due to the geologic controls:

i.e., depth, djp, degree of fracturjngo lithologies, etc. Nearly

the entire basin can be summarized as containing potentially-fair-to-

good resources. One area in partieular around Leesburg is evaluated

as very good,378.5 to 946 lpm (.100-250 gpm) wells being common.

One groundwater danger which exists in the Triassjc, particularly

around Leesburgo however, is the practice of overpumping. This act,

committed in order to obta'in, rapid, high volumes of water, can lead
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to a loss of hydraulic lift for the overlying rocks and so'ils above

the water body. Such a loss ultimate"ly w'i11 lead to compression of

the aquifer, or units above it, and subs'idence of the surface. 0ften

this can be severe enough to cause an actual ho'le to open to the

surface. Such a hole poses a threat to structures and human life as

well, as being an entry point for contaminants into the water table.

Such events already are occurring in the Triassjc deposits.

Further information concerning the wells jn the Trjass'ic can be

found in Table 6 and Appendices A and B.
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CHAPTER IV

GROUNDWATER QUALITY

The use of groundwater for human consumption or industrial use

is affected directly by its quality. This quality is determined by

natural'ly-occurring c'ircumstances, but can be altered' both to the

good and bad, by man's activitjes.

Constituents in Natural Groundwater

As water falls through the atmosphere and percolates through

soil and rock material, gases and mineral matter become dissolved

and/or suspended in the water. The solids and gases conta'ined 'in

watelinf l uence i ts chemi cal and physi cal properti es o such as hardness ,

acjdity/alkalinityo comosiveness, taste, color, odorn etc. Some of

the dissolved constituents, such as fluorjde (if not excessive), are

beneficial; others, such as jron are troublesome. Consultation with

the Virginia Department of Health 'is needed for determining ground-

water potabil ity.

The most common constituents of naturai groundwater include

calcjum, magnesium, sodium, bicarbonaten sulfate, and chloride ions.

Other constituents commonly present, but usually in lesser anpLtnts,

include iron, manganese, s'ilica, potassium, fluoride and nitrate ions.

Table 4 lists other constituents and their allowable parts-per-mjllion

established by the Virginia Department of Health and the State Water

Control Board.

Calcium (Ca) and Magnesium (Mg) These two elements, in the f'orm

of cations (positively changed'ions) are responsible for most of the

hardness and scale-forming properties of water. l,later containing
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TABLE 4

VIRGINIA SROUNDWATIR STANDARDS
(for human consumption)

Table 4..| Inorgan'ic Chemicals

Substance

Arsenic (As)
Barium (Ba)
Cadmium (Cd)
Chromium (Cr)
Fluoride (F)
Lead (Pb)
Mercury (Hg)
Nitrate (as N)
Selenium (Se)
Silver (Ag)_
Cyanide (CN )

Primary Maximum Contaminant
Levels (ring/l )

0.05.l.0

0.010
0. 05
t.B #
0. 05
0.002

10.0
0. 0l
0. 05qn

Secondary Max'imum Contaminant
Level s (mg/l )

250.0
a^I tl

0.5
nnq
0.3
0. 05

No Limits Designated, See Text
250. 0

h tl

IU.U

Substance

Chloride (Cl )
Copper (Cu)
Foaming Agents
Hydrogen Sulfide
Iron (Fe)
Manganese (Mn)
Sodium (Na)
Sul fate (SOa)
Zinc (Zn)
Total Organic Carbon

# Note. For arti f i ci a'l ly f I uoridated waterworks the mi n'imum concen-
trat'ion of fluoride should be 0.E *g/t and the maximum should
be 1.0 *g/t. The optimum control limit is 0.9 

^g/1.
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TABLE 4 cont.

Table 4.2 0rganic Chemjcal

Subs tance

Chlorinated Hydrocarbon Insecticjdes
Endr"in
Li ndane
Methoxychl or
Toxaphene
Al dri n/Di el dri n
Chl rodane
DDT

Heptachl or
Kepone
Mi rex

Ch1 orophenoxy Herbi ci des
2, 4-Dichlorophenoxyacet'ic Acid (2, 4-D)
2, 4, 5-Trich'lorophenoxyprop'ionic Acid

{2, 4, 5-TP or Silvex)

Petrol eum Hydrocarbons

Phenol s

Tabl e 4. 3 Physi ca'l Qual i ty

Parameter

Col or
0dor
pH

Total Di ssol ved
Turbi di ty
Al kal i n'ity

Sol ids (TDS)

Primary Maximum Contami nant
Levels (mg/l )

0.0002
0. 004
0..l
0. 005
0. 003
0. 0l
0.00.l
0. 00.l
none
none

0..l
0. 0l

.|.0

0. 00.|

Concentration

l5 Color Units
3 Threshold

6.5-8.5
500 mg/l
I Turbidity

I 0-200
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less than 75 milligrams per liter (mgll) (correlative w'ith parts per

million) is thought to be soft and above 75 as hard (Gass, l97B). A

great body of literature suggests that there is a relationship between

the hardness of water and the incidence of cardiovascular disease.

That'is, that the softer the water the higher the occurrence. It'is
indicated that high-hardness waters tend to be low jn varjous harmful

const'ituents: j.e., cadmium, lead, copper, and zinc, wh"ich may cause

other diseases. All the facts are not complete in either of the two

theories, (Gass, 1978). It is known, however, that a high concentration

of magnesium can have a laxative effect on the user. Fligh concentrat'ions

of calcium, on the other hando have not been found to be at all harmful.

Sod'ium (Na) and Potassium (K) In high parts per m'ill ion these

cat'ions can give water a salty taste'in combination wjth chloride. If
a person is on a low-sod'ium diet for hypertens'ion, ihe water should

contain less than 20 mg/l. A sod"ium-restricted diet should contain

less than 2000 mg/day. Normal"ly groundwater is far less than this,

rarely exceed'ing 250 mg/1. It is estimated, however, that up ta 40%

of all Americans would benefit from a reduced sodium intakel but the

quantity derived from water is small.

Iron (Fe) and Manganese (Mn) These constituents cause stains on

laundry, cooking utensils, and porcelain fixtures. They also contribute

to hardness and may'impart an objectionable taste and color to food

and beverages.

B'icarbonate (HC0U) Bjcarbonate'ions are responsible for most

of the alkalinity in water and combine with calcium and magnesium

to form boiler scales.

5B



Sulfate (S0+) Sulfate comb'ines with calcium to form boiler scales

and may impart a b'itter taste to water when present in excess of 500

mg/]. Water containing 1000 mg/l may be strongly laxative in effect.

Chloride (Cl) tn excess of .l00 mg/], chloride imparts a salty

taste.

Fluopide (f) Concentrations of fluoride of approximately I mg/l '

depending on temperature, are generally thought to be benefjc'ial by

reducing the occurrence of cavities in teeth. Several harmful effects

have been attributed to high fluoride water, such as skeletal fluorosis

(bone densjfication), mottf ing of tooth enamel, mongolism, cancer and

birth defects. No evidence of any of these problems' except the first

two, is supportive.

All sources of combined nitrogen represent a

potential source of nitrate. There are two health hazards related to

the consumption of water high in nitr"ates. These are the possibilities

of methoglobinemia in infants (blue babies) and the possibility of

the formation in the body of nitrosomines, whjch may be carcinogenic

(Gass, "l978). Stud'ies have shown that infants are suspectjble to as

low concentratjons of nitrates as l0 mg/].

Specific Conductivity A measure of the ability of water to conduct

an electric current. Specjfic conductivity is an jndicator of the

relative amount of dissolved minerals in water.

Handness Other than the cliscussion of hardness under the Calc'ium

and Magnesium section, it should also be rnentioned that hardness causes

excessive use of soap. By Virginja standards water with a hardness

less than 60 rng/l is considered soft; 60-.120 mg/l, moderately hard;

Ni trate
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121 to lB0 mg/1, hard; and greater than .l80 mgl], very hard.

p!_ A measure of the hydrogen ion concentration, pH indicates

whether water will act as a weak acid or an alkaline solution. The

pH scale ranges from 0 to 14 with 7.0 being neutral; greater than 7.0

indicating an alkaline solution, and less than 7.0 an acidic solution.

Comosiveness of water general'ly increases with a decreasfng pH,

although highly alkaline water may be corosive. Corrosive water may

attack steel casings or copper plumbing.

As essential nutritive substances, both majorandminor (trace)

elements are often found in well water. Twenty-five elements are

supposedly essential to ljfe (Ke11er, l97B). At least 14 of the 25

are essential for humans as trace elements. These are Fluorine (F),

Silicon (Si), Vanadium (V)o Chromium (Cr), Managanese (Mn), Iron (Fe),

Cobalt (Co), llickel (Ni), Copper (Cu), Zinc (Zn), Setenium (Se),

l4olybdenum (Mo), Tin (sn), and Iodine (I). These elements, though

needed, eas'i1y can be too concentrated and then become toxic to humans.

The known a'llowable concentrations of the various elements are presented

below where not discussed previously:

silicon 0ther than being bound up chem'ica'l]y in soil and rock,

thus causing cioudiness, it is not known to be harmful in drinkinq

water.

Vanadium Cornmonly found in many soils, vanadium appears to be

useful in preventing and breaking up excess cholesterol 'in humans.

Excess quantities, hovrevero in combination wjth other elements, can

be dangerous. Apparently concentrations of 0.03 to a.2z ng/1 are

safe (McKee and Wolf, '|963).
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Copper Metallic copperis unsoluble in water; however there

exists many copper salts. Under special conditions the concentration

can go as high as 21 mg/1. Dangerous concentrations of copper for

human consumption generally are impossible to consume, as the taste

becomes very disagreeable. in the body, trace quantities aid in

nutrition and the metabolism of iron in the blood. The da'ily intake

of copper is generally 2-5 mg/day. There is no evidence that poisoning

has ever occurred as a result of consumption of copper in water (McKee

and l,'lol f, I 963).

Tinc The normal human intake'is 10-15 mg/day and is useful in

nutrition. High concentrations (variable) are blamed for nausea and

fainting 'in reported cases of occurrence in groundwater. Normally

zinc will ejther be noticed as a greasy coating or by taste before it
becomes dangerous.

Selenium Proof of human injury by selenium is scanty, and definite

symptoms of selenium poison'ing have not been proven; but it is widely

believed that selenium is highly toxic to man (McKee and wolf,.|963).

Yet it is essent'ial for nutrition, and recent findings by Dr. Joel

D. ilallach, in Chjcago, have indicated that a selenium deficiency

during pregnancy can cause cystic fibrosis. The poisoning effects

are similar to that of arsenic, with the material retained in the

liver and kidney. The element also seems to cause a high incidence

of cavities in permanent teeth.

Itiolybdenum The Environmental Protection Agency reporf,5 that it
is not considered to be a serious pollutant, but it is a biologically

active metal. It does serve an important function in the life
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processes of phytoplankton (Arnon and tllesselo 
.|953) but excessive

exposure in mammals may 'interfere with vita'l , internal , chetnjcal

reacti ons (0i ck and Bal I , I 945 ) .

T'in Does not occur naturally jn groundwaters. Therefore jts

presence in a well would be indicative of contamjnat'ion.

Iodine This element he'lps assure proper funct'ion'ing of the thyroid

gland and the subsequent reduct'ion of go'iter. There are recorded cases

of human consumption of iodine-rich water at concentrations as high as

19.2 ng/day.

hJater Quality in Loudoun County

Groundwater qua'l i ty 'in Loudoun County 'i s vari abl e, but not

surprisingly so when one considers the varied rock types encountered

in the county. As a general ruie water from acidic (gran'ite-like)

rocks is "soft" chem'ica'l1y; although'it can be corrosjve and sometimes

'iron-bearing. 0ther high-1evel, quartz rocks, j.e., sandstones and

quartzites, can have similar traits. 0n the other hand, the basic

rocks, basalts, gabbros and such, tend to be high in ferro-magnesjan

m'inerals, that is iron and magnes'ium. Groundwater from the Triass'ic

Basin is general'ly hard to very hard, very h"igh in dissolved minerals,

and tends to be alkaline.

The reader must keep in mind that wells sampled by the State Water

Control Board'for groundwater quality data vary in age and state of

repair. llaturally, older wells, or those recent ones not built to

modern standards, are susceptable to contamination from outside sources.

These sources can include septic tank drainfields, faulty underground

storage tanks and animal lots. This possibility for local contam'ination

may be one of the reasons to account for differences in water quality
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within the same rock type.

Several lists showjng water quaiity in the county are included

in this report. Table 5 lists the max'imum and minimum concentrations

and the values for the constituents in the groundwater of the various

aquifers in the county, based on chemical analysis available for this

report. Appendix B is a summary of water quality analyses of samp'les

taken from individual wells throughout the County. The hardness trends

of the groundwater are'illustrated jn Plate 7 based 0n the data from

Appendix B.

Triassic Lowlands Plate 7 shows the distribution of water hard-

ness in the Triassic Basjn. Although a few wells fn the western part

of thjs area yield "hard" water, the bulk, ofthe water is "very hard"

as we would expect from the geology. Levels for dissolved solids are

high, but in no cases excess'ive. Also much of the area contains

al kal i ne groundwater, but oniy s"l i ghtly so.

Su"lphatelevels are lower in this area than other parts of the

county, and sodium levels are h"igher. Thjs is, perhaps, due to the

sedimentary history of the Basin. Nitrate levels appear to be signif-

icantiy high in this area, but the reader js cautioned to consider

the narrowness of the statistical base and the possibility of locai

contamination before postulating any theories for this condition.

Addjtionally, it must be remembered that this average'is well within

acceptabl e tol erances.

Layered Clastics These rocks also conform to geologic expectations.

Water from these format'ions tends to be slightly acidic. Although

the samples exhibited all degrees of hardness, it would appear that,



for the most part, water in these rocks is only moderately hard.

Levels for total dissolved solids'in the layered clastic rock area

tend to be lower than levels in other areas.

Table 5 indicates that iron levels are hjgher than jn other

areas. This may be attributed to the lower pH. Bicarbonate levels

are lower in the water in this region, whereas nitrates, chloride,

sodjum and potassjum are consistent with those of the rest of the

county.

Layered Volcanics Unfortunately, very few of the wells samp'led

for groundwater quality were in areas underlain by these formations.

For thjs reason, drawing conclusions from the data presented is a

risky proposition.

The data tentatively show that these formations produce water that

is slightly acidic. Thjs water appears to be slightly harder than

that of the layered clastics, but still tends to be only moderately

hard.

Averages for sulphate may tend to be higher, whereas averages for

chlorides may tend to be lower than the averages for these compounds

in the rest of the county. N'itrate, potassium, sodium, and iron

levels appear to be about the same as jn those other areas"

Basement Complex These rocks yield water that is slight'ly

alkaline. This is surprisingo since we would expect the water from

granitic rocks like these to be acidic. It could be that the welis

sampled were in close conjunctfon to mafjc intrusions. This relation-

ship would skew the data toward the basic side. Most samples fall
into the hard or moderately-hard categories.

Levels for total dissolved solids are in keeping with those in
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the rest of the county and are not intolerable. Sulphate, carbonate

and chloride levels are high in comparison to the other groups of

formations djscussed in th'is report. Nitrate levels are acceptable,

with occas'ional high levels. These high levels may represent localized

contami nati on .

Groundwater Contami nation

Groundwater Contam'ination refers to the introduction of an organic

or inorganic material, foreign to the native groundwater, that tends

to l'im'it the useability of the groundwater. If contaminants are added

to the groundwater to the extent that it becomes nonpotable or

unusable, the groundwater is said to be po'l1uted. Groundwater pollution

usually is more serious than surface water pollution, since reversal

'is very difficult and costiy. The self-cleansing mechanisms available

to streams, i.e., fresh-water flush'ing and oxygenation, operate very

slowiy in groundwater, if at all.
Sources of groundwater pollution are many and varied. Miller

and Scal f (1974) presented a synopsis of the subject in a nationwide

investigation sponsored by the U. S. Environmental Protection Agency.

In Loudoun County, the more significant sources of groundwater

pollution include: septic-tank systems, sanitary landfills, sewage

lagoons, petroleum spiils, leaking pipelines, leaking gasoline storage

tanks, improperly-constructed water wells, certain agricultural

activit'!es (fertil"i;*rs, pesticides, feed'lot and barnyard wastes),

highway de"icing salts and jnfjltration of poor quality surface water

from lakes and stneams.

Septic tank dr"a"infieldso by sheer volume of waste water dis-

charged, have the Ereatest potential for contarninating groundwater.
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A drainfield is considered failing if the sewage backs up'in the

house or floods the land surface. A properiy operating dra'infield

acts as a source for groundwater recharge. ililler and Scalf (1974)

state that "Studies have shown that in many housing developments

recycling of liquid wastes is an inev'itable fact of Iife."
Sept'ic-tank systems commonly are believed to purify sewage.

Actua11y, the degree of treatment that waste water receives in a sept"ic

system is rarely high. In suitable soils, most bacteria are effectively

removed by filtration and biological degradation. flowever, rnany

sojls have a 1ow capacity for the purificatjon of waste. Some soil

profiles are too thin to ass'imjlate all of the wastes. i'loreover, not

all of the undesirable constituents of domestic sewage are completely

b'iodegradable. Considering the seriousness of an improper drainfield,

and its potential for causing groundwater pollution,'land always should be

checked by a soil scientist or Health Department official prior to

the instal lation of a drainf ield. it,!il ler et al (1974) states, "Under

normal conditions of soil pH, efficient removal of phosphates can take

p'lace, but chlorides, n"itrates, sulfates, and bicarbonates can enter

and move freely within a groundwater body."

Njtrates are the most significant constituents (other than

bacteria or v'iruses) of domestic seurage entering groundwater and lovrering

its quaf ity. In Loudoun County, the nitrate content of natural ground-

water is genera'l1y iow. High concentrations of nitrate most likely

indicate contamjnation. The most likely sources are septic tank

effluent and njtrogen fertilizers. In areas where infiltration of

nitrogen fertilizers is insignificant, the njtrate content is a good

tracer for septic tank contam'inatjon. The Trjassic lowlands are
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probably the most vulnerable area to nitrate contamination in Loudoun

County. The soils are relativeiy thin, and their capabif ity for

ass'imjlat'ing and filterjng wastes is Iimited. The shale and sandstone

bedrock is highly fractured. The fractures are incl'ined l50 to 200

from the horizontal, providing a natural csnduit to the water table

for liquid contaminants, with little opportunity for filtration and

quai ity 'improvernent. The age of a sept'ic system is a significant

factor in groundwater quality, sjnce continuous nitrogen loading

causes a build-up of nitrate over a period of years. Lot size and

housing dens"ity are a'lso very important.

Pollution of groundwater by petroleum hydrocarbons 'is a very

seri ous , common , and unfortunately, grow'ing prob'lem. Most j nstances

are confined to local areas and involve on'ly one or a few potab"le

water wells. However, there have been cases of large-scale groundwater

pollution from petroleum, (McKee et al , 1972 and Howard' 
.I978). 

In

Loudoun County, minor cases have occurred, but, as yet, no major ones.

The pri nci pa'l causes of hydrocarbon contami nati on 'incl ude: 1 eakage

from storage tanks, leakage from buried p'ipelines, SPills or leaks

at bulk storage areas, and transportation spil'ls. Many types of

petroleum products are involved, but gasoljne and heating oil are the

most common. Slow leaks can go unnoticed at a service station until

wel I s become pol'l uted, ne'ighbors smel I hydrocarbon fumes i n thei r

houses, or customers get water in the gasoline they purchase. In

very serious cases, Such as the village of Port Loping in Ontario,

Canada (Howard, l97B) the water coming from household taps can actuaily

i gni te.
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The clean-up of subsurface petroleum pooling is difficulto costly,

and often ineffective. Alternate water supplies often have to be

found when a well is contaminated. A publication which offers

solutions to problems involving hydrocarbon contamination of ground-

urater has been prepared by the American Petroleum Institute (1972).

The human threshold for the detection of gasoline can be as low

as 0.005 mg/l, so a small amount of gasoline can render a water well

unusable. Recent studies have shown that certain bacteria wili degrade

gasoline in the groundwater env'ironment, if adequate nutrients and

dissolved oxygen are avajlable. However, there are cases in which

gasoline has remained in soil for more than 70 years (McKee et al,1972).

It is beyond the scope of this report to prov'ide a detailed

discussion of all the causes and effects of groundwater poilution.

Groundwater conditions are so variable and potential contaminants are

so numerous that most cases are unique. Any known or suspected case

should be reported to the appropriate County or State health officials
and/or to the State Water Control Board.
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CHAPTER V

GROUNDWATER DEVELOPMENT

General Setting

Groundwateris developed w"idely in Loudoun County jn domestic

and pubfic water systems. Water wells in the County are of three

types: driIIedo bored and hand-dug. l4ost drilIed welIs are now

constructed by rotary drill'ing machines. Bored wells are constructed

by large djameter, (6.|0 to .I220 millimeters (24'48 inches))' boring

nachines or earth augers. Hand-dug wellso once common in the Piedmont,

now are ranely used for potable water supplies.

Drilled wells are usually .|0.l.6 to 457.2 mjllimeters (4-.l8 inches)

jn d'iameter; the most common size now favored is .|52.4 millimeters

(6 inches). Steel casing is jnstalled from the surface through the

weathered zone and seated into the bedrock. The zone between the

outside of the casing and the well bore (annular space)'is grouted

with cement from some predetermined depth to the surface. This cement

grout is to prevent surface contaminants from seeping down the well

DOre.

Bored wells are common in the Piedmont and Blue Ridge Provinces.

In all cases, they are terminated in the weathered zone, since boring

machines cannot penetrate hard rock. Bored wells are lined with

concrete pipe instead of steel casing. hJater enters a bored well at

the bottom, wh'ich is open. Bored wells are not usually grouted

except at the surface, and therefore, are more susceptible to

contam'ination than properly-constructed drilled wells. Bored and

hand-dug wells also ane more vulnerable to drying up in times of

I5



prolonged drought, since their depths are ljmited.

Publ ic Suppl ies

The construction of publjc water-supply wells is regulated by

the Virginia Department of Health (1974). A well is designated a

public supply if it serves l5 connections or 25 people. Public water-

wells are required to be cased and grouted to a depth of at least 50

feet (somet'imes greater depths are requ'ired) and to provide a supply

of at least '|.9 lpm (0.5 gpm) per connection.

Public water-supply wells are relatively numerous in Loudoun

County. The highest concentrations are jn the Leesburg and Hamilton

area . The Leesburg we] I s , of greatest product'iv'i ty, are I ocated i n

the Triass'ic-age limestone conglomerates and diversified units of the

Bull Run Formation to the South. The Ham'ilton wells, on the other

hand, are located in the Marshall granite-gneiss and nearby contact

zone with the Swift Run formation. By State Water Control Board

records, the Town of Leesburg has, or still owns, twenty-five (2S)

wells. Most of these have been abandoned or capped-off due to becoming

dry, or because of inadequate water quantity when they were drilled.

Hamilton 'is credited with owning, or having drilled, sixteen (.l6)

wells, some for subd'ivisions. At least s'ix (6) of these have been

abandoned. Foxcroft School near Leithtown has had seven (7) wells,

four (4) of which are operational at present, though rapidly declin'ing.

The drillers'logs for this area exhibit a very confusing assembly, but

it appears that some wells are in granite-l'ike material and some in

the Swift Run" There are indicat'ions of a fault structure near

Foxcroft School as well. 0ther known, public-wel1 systems are at

Lovettsv'ille, I'liddieburg, and Hillsboro. Round Hill is contemp'lat'ing
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a wel I -reservoir system.

In addition to these mentioned systems, some subdivisions, not-

ably Moorcones, Potomac Farms, Andover Meadows, and Richland Acres,

own their own we1l(s). Several churches, schools, and light industries

are also listed as owning wells. No heavy industry is known to be

using wells jn Loudoun County.

Considering all the wells recorded in the name of Leesburg,1.73

mgd output js calculated. The output of other well systems in the

County are computed as follows: Hamilton - 0.4 mgd; Middleburg'0.?

m9d; Lovettsville - 0.35 mgd; and Foxcroft School - 0.'|3 mgd.

Key Water lrJel I s

Appendix A lists those wells in Loudoun County for which adequate

records exist to allow inclusion in the state monitoring-sampling

program. The State Water Control Board number is repeated in Appendix

B, where appi'icable. It is immediately noticeable that only 80 wells

have been monitored, only ll5 are displayed on Plate 8 and only 375

wells are shown'in Appendix B. Yet the U.S. Census Bureau estimates

that there about 5000 wells in Loudoun County. Unfortunately many

wells were constructed prior to the imp'lementat'ion of the Groundwater

Act of .|973, discussed later, and to date have not been found. Even

when found, a large percentage of owners know nothing about their

wells. Also, unfortunately, many modern well owners are not aware

of their responsib'ilitjes to report, or require the drillers to

report, their wells.

Therefore, the availability map and discussions of present and

potential water resources are based on a limited statistical base

and informed scientific conjecture. Persons using this document are
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urged to contact the local office of the State Water Control Board to

supply further information about any 'incompletely-reporied wells in

Appendix B, or to report the existence of wells not shown. In addjtion,

if a user notices a wel'l in Appendix B which is known to be abandoned,

the Board would like to know about it in order to keep its records

updated.

The Groundwater Act of I 973

The General Assembly of Virginia passed the Groundwater Act of
.|973 (Chapter 3.4, Title 62.'|, Code of Virginia, .l950, as amended)

"...in order to conserve, protect and beneficiaily utjlize the ground-

water of thjs State and to ensure the preservation of the public

welfare, safety and health....Concern for adequate groundwater supplies

in the future and protection of groundwater qual"ity prompted this
'legi sl ation. "

The Groundwater Act provides for the declaration of a Ground Water

Management Area (GWMA) 'in a geographically-defined region which

experiences, or can be expected to experience, problems with inter-

ference of wellso water level declines, overdraft of groundwater, or

quaf ity of groundwater.

Requests of a declaration of a GWMA can be made by local

government, the State Water Control Boardn or the public at 1arge.

In either case, a detailed study of the proposed GWMA would be made,

and public hearings would be convened to determine the necessity and

desirabif ity of des'ignat'ing an area a GWMA.

Industrial and commercial groundwater users jn a GWMA who with-

draw more than 50,000 gpd are required to file a Registration

Statement (Form Gl^J-4) with the State Water Control Board. Prior to
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the construction 0f a new well jn a GWMA, the owner is required to

submit an appl'lcation and a Permit to Construct a l^Jater l,,lell and to

Use Groundwater (Form Ghl-3).

In all groundwater areas, users are required to submit a Water

lrlel I Comp'letion Report (Form Gl,{-Z) for new wel I s. Al l pubi'ic and

'industrial users are required to submjt a Groundwater Pumpage and

Use Report (Form Gl,,l-6) to the Board quarteriy. l^lhen an 'industrial or

publjc vrell '!s to be abandoned, the owner must submit an Application

and Report - Abandonment of Water Well (Form Glnj-s).

Further explanations are included in the 9uide for Water l,lell

Contractors and Groundwater Users and in the Rules of the Board and

Standards for Water Wells, both publications by the Virginia State

Water Control Board (1974).

Groundwgler_Ava i I abi I i ty

The avajlability of groundwater in areas of the County is

i I I ustrated on Pl ate 9. Thi s map i s based on exi st'ing we] I records ,

the occurrence of the geologic formations, and their general water-

bearing characteristics. Additionallyo local areas which are known

to be particularly good, bad or suspect are designated.

The map on Plate f is generai in nature and all unique areas of

either high or 'low productjvity cannot be shown. This is particularly

true along the major fault systems and in the broad Marshall Formation

to the west and th* central Triassic Basin to the east. Normally wells

in the Marshall zone are poor to fair in yield; although anomal'ies

have been observed in the vjc'initjes of Purcellville, Hamilton, and

Wheatland which yjelded water "in the "good" range. Another high-yield

anoma'ly was noted in the area about one mile south of Sunny Bank. One
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other high-yield anomaly was in the area of the headwaters of Dutchmans

Creek, two miles west of Lovettsville. All these above-normal

regional yields were in the 95-378 lpm (25-100 gpm) range.

The easternmost Catoctin belt also has two zones of unexpected

yie1d, as shown on the map. These areas lie just west of Ald'ie and

Leesburg. The exact boundaries of these "lobes" are unknown; there-

fore the configuration shown on the map is speculative.

in addition to the above, there exists the hint of high-yield

anoma'ly all along the Swift Run-Catoctin Contact. It is on this

contact that the unidentified, but previousiy-called "Everona l'ime-

stone" is found. The width of this outcrop belt'is too small to be

shown on the plate.

Continuing eastward, the entire Bull Run Fault zone is a poten-

tia11y-high, groundwater-yielding area and deserves far more 'investi-

gation and exp'loitation. The geologic characteristics, i.e., fault

dips, fracturing, bedding dips, and proximity to the Potomac River all

indicate good groundwater conditions.

Another large area wh'ich should receive more attention is bounded

by the section of the fault north of Leesburg and Route 7. This area,

shown covered with obl iquely dipping l'ines on Plate 9, conta jns three

(3) presently-known groundwater zones. The northern leg of the reg'ion,

in particularn being Triassic-limestone boulder conglomerate, should

be locally highly productive. The shaded area bordering the Potomac

River could also be highly productive. This productivity would be

due not only to the geology, Manassas Sandstone and Balls Bluff Sjlt-
stone, but due to the possibilities of infiltration of water from the

Potomac. Public information assistance is requested for all wells in
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thi s area.

The largest, singie water zone in the eastern half of Loudoun is

rated "good", wjth one undefined area containing some wells rated

"very good." Thjs smaller area does not, however, conta'in enough

wells to be accurately defined. It should also be realized that there

are local areas within the'large area that are completely devoid of

water. Property owners wjth small lots should keep this in mind when

planning water systems.

Reviewing the data presented on Plate 9, it should be noted that

two (2) areas of the map are left blank and marked with a question mark.

The first zone is a very narrow slice along the western border marked

as €w on the geology map. Physically this area is bounded by the

base of the Blue Rjdge and the County line and runs south, narrowing

to just south of Purcell Knob. The State Water Control Board has no

recorded well in this area. Therefore' no speculations other than

theory can be made. Based on theory there should be potential for

some fair wells in this zone.

The second area is found between the Bull Run fault line and the

first basalt flow (most eastern), as defjned by K. Y. Lee (1977). The

geol ogy j n thi s area 'i s very compl ex, conta'ini ng hi ghly-vari abl e '
clast'ic rock units interrupted, or local'ly covered, by hydrothermaliy

altered basalt flows. At present there exists an inadequate number

of wells in th'is area on which to base any conclusions. The few wells

reported have been poor to fairin yie1d.

As a general statement, it could be said that the water resources

are at present greater in the Triassic Basin section of Loudoun County,

than anywhere else. If investigated, the Bull Run Fault zone may
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exceed the water yields of the Trjassic Basjn on a local level. Even

in a case where a well does not meet a homeowners expectat'ions, there

are actions which can be taken in order to assure a dependable water

supply. The extracted artjcle from the Water lajell Journal of November

l97B (Appendix C) explains three possibilitjes.

Wel I Depths

Considering both the old data reported by Cady (-l938) and the

modern data assembled by the State Water Control Board, the average

product'ive ranges of wells found 'in the varjous geologic units jn

Loudoun County are g"iven in Table 5. The older wells tend to be much

shallower than those drilled with present technology. A'iso only

reported productive wells were used in computing the figures presented.

Doubtless there are wells in all the geoiogic areas wh'ich exceed the

parameters but have never been reported. It will remain the task of

the future to upgrade the data when the base improves.

The data for the Loudoun and Everona Formations were adjusted to

compensate for the jncreasingly-popular and necessary practice of

"subdri'l1ing". This is a process of drilling, often as much as 300

feet, below the water-bearing horizon. This provides a storage

capacity of 18.2 1pm (.l.5 ga'l1ons per foot).

It should also be mentioned that the depth of the deepest well

shown for the gran'ite unit js highly suspect. One would not expect

to find water in granite below 400 feet. In fact, LeGrand in a .1954

report of 520 wells in crystalline rocks showed that the average

yields per foot decreased rapidly below 60 meters (200 feet). This

appears to be true in Loudoun County as well.

Another item to remember in using the depth vs. geologic u.njt
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gu'idelines is that 'in the thjnner formations, i.e., Loudoun'

Everona (?), Swift Run, Wevertono Harpers, and basa'ltic flows' a

well nray penetrate to the under]yjng unjt. In some cases such an

event is'instantly recogn'ized, but in other instances a dr"i11er may

not notice the transition.



TABLE 6

WELL DEPTH SUMMARY

Geoloqic Unit

llarshall & all other
granite-1 i ke rocks

Catoctin formation

Loudoun fomntion+

Everona fonnation+

Swift Run formation

I'leverton formati on

Harpers formation

Frederick Limestone*

Newark Gp-Leesburg
Limestone

Manassas Sandstone

Basal t-fi owlbeari ng
Clastics member

Mixed Clast'ics

Triassic diabase
(All Areas)

Depth Range

4.5-304m
(r 5-eee ft)
4.5-2 1 5m
(r5-704 ft)
I 2.8-61m
(42-200 ft)
7. 6-36.6m
(25-r20 ft)
l6. l-.|86m
(53-610 ft)
12.2-157 .3n
(40-5r6 ft)
50-l 64.6m
(r65-540 ft)
I 'l-56. 

I m
(36-r84 ft)
8.5-221n
(28-725 ft)
.|5.2-91.4m

(s0-300 ft)
I 8.9-l 03.6m
(62-340 ft)
6.1-244.4n
(20-802 ft)

Average Depth

56m (lB4 ft)

37.5 (123 ft)*

26.8 (88 ft)

r8.6 (6r ft)

70.Im (230 ft)

33.5m (l l0 ft)*

86.9m (285 ft)

insuffici ent data

54m (177 ft)

37.5m (l23 ft)

58m (190 ft)

44.2n (145 ft)

35.4m (116 ft)

r9.2 (63 ft)

90% Probability Ranqe

I 0.7-l 52.4m
(35-500 ft)
9. 5-l 02m
(3't-335 ft)
I 5.2-58. 5m
(so-r92 ft)
9-J5m
(30-il 5 ft)
?1 .3-152.4m
(70-s00 ft)
.|9.5-.l50m

(64-49r ft)
56.4-.l58.5m
( r85-520 ft)

DASE

l 0-.l 52.4m
(33-500 ft)
I 5.9-62.5m
(52-205 ft)
24.4-l03.6m
(30-340 ft)
I 2.8- 1 63m
(42-s35 ft)
t2.B-99m
(4?-325 ft)
9.1-57.9m
(30-re0 ft)

Ba]|s Bluff SiItstone 6.7-l46m
(22-47e ft)
6.7-6 l m

(22-200 ft)

* Figure adjusted in order to partially
to produce a reservoir

+ Af,ter Cady, 1938

compensate for sub-dri'l 1 ing performed



CHAPTER VI

CONCLUSIONS AND RECOMMENDATIONS

As originally stated, this report is of a preliminary nature'

although it may be used in groundwater resource planning and the

development of public and private water systems. It is hoped that in

the future, with continued reporting and geologic study, the report

can be updated and made more detailed. it should be emphasized that

water source plans for specific areas should be supplemented by

detailed studies by geotechnical personne'l and a plan of test wells.

Although several thousand dollars in drilling costs for an inadequate

supply of water may seem to be a waste, it is still far less expensive

than the development costs of surface supplies.

This report has attempted to briefly explain the geologic

diversity, history and geohydro'logic environment of Loudoun County.

It was stated that the Fault Line and Triassic Basin are the best,

potentiaj, water resource areas. The igneous rocks should be avoided,

as they are usual'ly dry-to-1ow producers. The diabase intrusions

and feeder d'ikes are too numerous to be shown on maps of the scale

used in the report, and the reader is referred to more detailed maps

assembled by U. S. Geological Survey personnel (mentioned in the

bi b'l i ography ) .

The relative'ly-h'igh mineral content of water from the Triassic

area may be a limiting factor for industrial use. However, treatment

and filtration could correct any problems. Although iron does not

appear to be a water prob'lern in any part of the county, the content

is lowest in the Triassic sediments" Hardness content 'is also highest
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in the Triassic area, though erratic here as elsewhere. Sulfate

content appears to be high in the Middleburg area.

The greatest threat to water quality is activity by man.

Pollution and overpumping 'lead to degradation of both quality and

quantity. Such items as septic tanks, drainfields, buried fuel and

chemical tanks all have a potent'ial for fajlure. This is part'icu1ar1y

true in high-acid soils as are found in Loudoun County. However, even

an innocent and beneficial activity such as weed or pesticide spraying

can have an adverse effect on groundwater quality. This is because

any water-borne contaminant will seek the lowest, gravity-controlled

level, and "in a porous and permeab'le medium thjs means the groundwater

tabl e.

In part'icular, the uncontrol led spread of sept'ic-tank-us'ing-sub-

divis'ions constitutes the greatest present source of groundwater

contamination (Geraghty and Miller, '|978). This practice needs to

be more c'lose'ly moni tored and poss i b1y restri cted. Potenti al po1 1 uti on

sources, other than those already mentioned, include underground

miningo refuse pi'les and pits, and slurry ponds. Animal feed lots

must also be considered.

Unlike with surface waters, there is no easy, or inexpens'ive,

way to clean groundwater. Psllution, regardless of type, norma'l1y

will stay until it is no longer dangerous, or until filters and treat-

ment facilities are installed at the withdrawal point. Water has been

in the ground a long time. In fact, some of the water sampled at

the Dulles Airport weli by the U. S. Geological Survey personnel

(Rubin, personal communication) was age-dated as approximately .l6,000



years old. If the water can stay in the ground this long' so could

a water-borne contaminant. Can anyone imagine waiting th'is long'"in

order to wait-out a contaminant?

The large number of wells in Loudoun County creates a sizeable

management prob'lem, as many wells are possessed by second and third

generation owners. Qftentimes these owners have no idea of the

characteristjcs of the well on their property. Such informat'ion can

be as crit'ical to the useabj'lity of the property as the house itself ;

yet few people even th'ink about jt. Modern drilling technology has

produced better and safer wells than what was poss'ible a generation

ago; but a well-jnformed owner is a cpitical ljnk to managing and

defending a vital resource. it is recommended that an accurate water

well complet'ion report be 'included with the sales documents for all

new homes and that old properties be inspected in order to determine

the characteristics of existing wells.





APPENDIX A

SUMMARY OF GROUNDWATER QUALITY ANALYSES FOR LOUDOUN COUNTY

The computer printout on the following pages lists basic, ground-

water quality data available for many of the wells listed in the

water well data summary (Appendix B). There are some quality

analyses listed for wells not included'in Appendix B; however well

data js available for these wells and may be obtained by oontacting

the State l,Jater Controj Board's Northern Regional 0ffice in

Alexandria or the Headquarters Office in Richmond.
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APPENDIX B

SUMMARY OF WATER WELL DATA FOR LOUDOUN COUNTY

The computer printout on the following pages lists basic

well data for wells in Loudoun County. This printout is updated

frequently to include information from new Water !'lell Completion

Reports and old well records. The formeris being submitted by

water well drillers and the latter is found by State Water Control

Board personnel. The informatjon unden the heading "Aquifer" may

be cross-referenced with Table 2, Chapter III.

B-t





.cff.;
J. UJ > FUJ
< Z I H z>
Jt lrl G uo
< ! U LJ :E3

r 3 * r ( 5 o &;
JLIOd f' x Z O 2 lrl UirJ
)>Z> 1r O J ul H a >3
t<<< z J tr. rrJ uJ;, z 6 f uJ ?
]F 3 H J J Z d, <uj l, : (' ll

6U ! ! I lrj <Z FF F I
t JL > 

' 
t|, - < g lrl o trF

J<f)C H < I - rro 9 o- : 'Jl
*-< ! L : U Z> F O" u >O
<zJa o r 6 4* 22 t4 (, F o
i;;a o < z !!o z z i 3.

'9<hj 'J Z t cr F5 fH O o
:ti. \n a \ c -5 rr,lF ' J u '!o;<- ) H ,J' \ zJ qul . J ttj aZ
C.> (n F O l- )J trJ < l HO
f,- o- r < 9, 2 z tno. r r' I Jo

l4JHLl a U L) 3. < L-' <I F OZ
oi - a, F' 6 -.t: L.!, J 05. Ul,o o l<
il,trotr ir ul J 5: r,lr J: o, 5, :Eu, < e L'rn
2 J * > J' a u |rl u5, ) 2 <
iq:: a irt C :9r L r 0- 95 -Z Ld C :' tr
<s\!,o * |rJ 6 a o. <:i ujo > rr.l o - il
* i * (,rs i n 5 2:o(,1 Lr * -- o u) - F ult <o J tt (J ?asUtI a t= = 

o o u o, E5'hH eo E E'?<HFL . r U .: 2 < O c or. f E ZZ (L a
FL Lo I lDr, c ul i u A u, Ja 60 ,rJ i'* x () '<uuo= -; hJ HJ. J 3 r L- oi o | 4o- rrl 14 HJci5.-9 B 7'* 7 r! o e . ; U; ?u ? 55 7 I rz
(Jd><= kl o u - F tt o : < 1 (LL 

' 
qJo

arzzo ; JrJ - c J: o u < uj, Ju : o r =<oF<o; ur <o -l it JzL * 2 i F5 qr Qo o () 9t< E;a i Hl J ; u:'.J (J < O u: <: oo e, z> r H 6f
Tz 9 < F d u I> tt J 2 r Q5 Fr !J < < r F
.=5v= r fri.Ju:jh. HE!:*-"r3= :];rr! L- lJ F i r1- ,.t ; 2 . z- o> 4 !o t lo

;i;Eil ; g: F s ;i# I r : ; "3 Hi i i; 5 : 3=s
< HHF d, tt (! F r^l o ld u; trJC J > F -ilcrFF ee. z <L 5 - d>z ; L - u 6l d-u A uu z <
-z<o-< o * O t J-- , ttt - L )e z Q HJ 2 o o(4!3!tP3 ;'3 ; ; :jH . g ? =,i rts = !' I 5 ;=fl<co.a<zo-o5c<->u;zZ<=L c< z dr,r| - ; 52r.1 i^l r - -: ttj t,F trl I z '+xz<u d o J F a> bJ ts L . Hd
<'.1 ; t : :< < u il --c L H o o r' 71 1 zt z i<<
=o- J o. ) Z . ilo , J <(a J c qJ c - -1-a

J!> x zJ - - a-a z z < 4i ta - +Z J ooo
Jz<>u d ts (, F -: . U > >e <1 !1 ]* uJ ' zta
JOt - - O !o - F F F A !'r- ]< !? F H F ctlL
u ooJ a r9 x 2 -r:il . lr, u r.r t1 ? .J' > tn 'J!*
t!1z(' | <z 5 o J=t^J o u 

= 
F oc ? !F lrj EF

?FH< | OH O UrU d I a z oJ FU o u I F J3q
!<<F t t!. vt ,J J { = <f A !c .i^J +ro<- .: 1.;LJ * i ui -.t \z J z c i .E G Ftl > q o

r:<I I JJ { J Z -i { t -i F:l ..1 FZ E Zll ll
FO<FF t' 3q a r' c4 a! : *i J(! ? 92 {t > f --64 Z a. !d i i L3O C . - ul *- u, u LH (JC O- -Idr cr t. Psc * - *G g i - z LF 4 <o Joo
:l.o< . z z r u:i r U ; 3 fr 

-9 2 z' c' r+ J(Jz
- 3 r oz tr - J-<5 F 6 z n F zz q xo.
c)6c>F a uL, o ; -:lo a- g - c'H x { O u& t':
zF<tz r ; = I^cl u- 5 - c ir rn ,!9 Gc( a z -JzilO u Cr i -Jlrl O bJ - t^l ; -H I lrJO (J O q<q
-3!:: J Z Z 3 3 a 3|: I 9oa Jd F- " z 5t- J Z o <z aJ 7 Zd LC F -ri)rJzg <> u - -!| a o < J uul aJ o gJLl H < 1l:1
JrcH< r> 6 !'{ * i - u f- uu t& uf E Jqe
c :r<z z Z z 5>z o : > ln or q .4Jf uJ? ? t?:lzFts< r: j a lrd ; = 5 J u H uJ t^d cc a <f T-ozoi Fo d sl -.i; F i d Gl4 !: [<( tnu tz&
u;OO-<c)-!r^=FtL-FZ-EHtllHHrFo J ts t OZ< - u x <O J 9 ot t!..--
FU dg @< o <>, r o - - rO a 6., - 6 3u r

jfot\-UdF:ul>uJUt-.
ar > i o- o--rf c- - Z d, cr
z>zz 6 z z > u, u - o - t z a q qza
-<<6o<oFJox--al<rlHx()ro- Z O - a {9 rr (J, : o (J

- 6d-li&3 d5 ; :9 .r ::,':rs2-ourp6vr;r i u, o J o u.r < ir, 5 P rr (L 4 9oo>Jutsdt(J,5-tr>dox)

lz
<U
o:
.D UJ

|9>
J<Z
ozo
c< z
F:]

za
:l

J
OC

+

a

t

aq
c

t
4

I
!
t
n
!
t

+
I
a
a

t

ge
z>[
uz
FC o<O

J}J
3t

FFF

F}L

!:a

<ct t
{f,

(tu

H]

>a

B-3



3 s 3 3 E5 E.= ; 5 5 3 5 5 3 3 6 55 & eBe9s EE p Ep E $ 5 F i6 3 F i g E 3 i iO. O. O- O. {JO O OA O C) OO O o. O. OO L} HHr}HO O I

{ -(onr(D rum t FAldOrt- .' FNdN N+d! (\,1 Nd At N F- F

ro -(o ('} + -t Na €Ft,) (F + F () oo a oo o o o i(! oanl nJ o o n
F-
N

O F i\F € ro(n + olt ,Jlmo < O .J1 Jl 3€€d(o€rv€O--'a.'i.'oO@\
4f d N

o tn dt d *t (\J cl o o o o .t (o n, rn r .') o |'| .t iJ dr @t 0 c^ tJt F o o N !n o| c o - N t N 5 .r! o o c 5N U'l q dN rnro.tNfuoN-{){aldrd tNo(v

lr (J L) (JL(,' (J |r < tll u r/l tntJ cotn a cC) o! J J J:OUL' t t: f iD I t: rJI C J r) c|c| t (Dt: !:: I r O f - t f t.) iJ I E tz c Ir c (l o- o. (J () I (J I (J I () O O. (J (J E aL r CL O- L) C t O (J (J (J (J (J cr O I (J (J I J O- (J A Ots F F F F () (J o. o. 6, o_ F o_ u (L o. u o. L F o (J L) o o_ F t o- L o_ o. a o- > o. * o_ o_ o_ 1 O a 1 i

SCI |rt Ot)U)a OfU 6a F i€oo |n€G' O |noo^J rntn So O OaFQ F
-|nNN

q
6

o
I

(J
o<
U(!
o(J

-z<Icooc)

o
.J
TJ

FU

FU
6J

&.
trj
L
:)

u

N

J
sJ->ou(t
Ot!

5Z2a
H:

a
O<

:E

t<
o(J
UO
:oe

JI
<FFo.

!
J

I
J

<:
>o

at
I
I
a

a*
t
a
I
t
a

>a
F'
zt
ft
ct(Jt

iza>+oacfaftotJI

araot
L'

I<*tst<toa t
J'
J'rd*ft

ItauJl
F'<tat
L*ct

I>t
x!
<t
E.a:E'
)t6t

a
t
I
t
I
I
+
a
I
+
a
a
t*
t
t
a
a
t
t!

coLnoo4Fo9 os@9or)noJFoNoooFo 6ooFa No N oisatnonJnjOtnrulo .tgFlO-NomiFNO.'a- U1 d NO.t .t o !N -
NNN

u)ooo oN oi o {Jf Foa ot'rlofV |Jiltl .oo Ut lj}o€-t FHOArN

o o !n o o(o o € < F rul t'| - n, !n o o Cn F (n \o (') d) 'o o F a o o F F o o a ci o - o o o N o od n (o |' + ! o o\ F tn € F o o {t f\l a,t N (o F n ; + o o €€ o oo o o o,o o r - d in r o o o !nlNRJniAr|rlONrr!r<-{tN<-d(!< Ur; - -O()ooNtmN€!$.NjNn\

o In ,l o o in ('r ('r o o o o o o o e irt o Ul o o o I o N t,,') |'l o gll lJ! o ,Jn o Un N N lJ o a Urt t I cr. l'| a F o F t .t o Jt o rl < t a o F t N o rr o + I $l r $ 9 F 6 o Jr .Jn ?. - 4 < o a t 
' 

t oO n tr} f) lV t {t I 6 -t \' I q l|| Ul t t ) € .l| {t Or {t I t r o nJ t U1 .i| € t t t O € n n n it S !r! $ S n

Q q coo .f(o tl(\(vo F a(o.n('\ or(jo r}^lo f,l(}nr( oAoa oo Q od<-io\o N o o ! 3 o€ O € O € 6 O f,t r} (\| O F F O O O !n rn € t'l rt € .i' n + C n r F F F F F F F F S n F F O € € C

<o o
ot\t o

OF
&z
<U
ot
(DU

J<
o2
G<
F:

z

(!

irF
IJJ Z
FO
<o
t

i, uJ

FF

F}

<c

z>

{9UJ
TX

l

>:o

F Ur O lin e o (o o o € € F F.o € F O O €,€ .o \O,\o€ \O,€F F O,€ \O € € O € O \o @ € rr n

oo.tFFloo-'+io6o\tvoNN|n
-r.a'H-n (\J N <ift ooOO-oO\' oo.'Oo dO

OftoJdoJr| rno fn

I t9 (l (DOO O OO O O OO O (] COO O OOtTIC]Oo OO O Oo O o o O o o o c J o o a J J

or
u p 

= -r c-FG ! -.-!Hj iNNo :) rr -d- J *z:J J -r* >>-N< o Z < < d i H>; x <t!t
=J>(tozz(9(JFe|r!>zz>&>zzz)t'!c rrJ I < ur -o 2 o o i^ oJo(n-V} oot raJJ
- E F } FF \JO<62 F FJFFFF FFFY'9<JJ

= 
-NO9 HOC)Z a JJ J O> >O F JUJJFZF JJ<()HOJdu *t!a) I<<o o HoNot>gz cJtHtHud! HHlrr<r]

> o - r a4Julu):o_r r: i roN!t,t- tirlu z=t=t Er z- zz
9 :ylqqooEccz tr]uJ <<Z no- I IrZOJ<C<OUOL<<oIL!as. g4qE HO UTFF ITclI' F F'9O<J}IOIJJJGIIgOOZOO{ EUUUdo.C'TI>(JOF FF 46J0 Fo|- O c} U c) f < <9U
- Q>>> et !JHlrj<FLLxtdF HJH(rtrJc,lt!LL LL t-Or!LCO:FOq :rrII(r< 2Zr-& J OOr!cO r!6rrj.:r.iJ-c'c -aZO-<- o.u a- zZ
!g f lrIu!><<rrr.J>(,.d 61J--]roJt--o-t' 2- ) x Jvuuzz
< qqqoo cao o(l 2z N >- tc z z|tlz>zzozozzaza&>>
i I I 9 I -@ r 1 Z Q U C (9 F t r r H F < F (' F < U I I I - ] J ] f U r Cr f ] 6 < F J Je qqqqu, <l> cr< oo J ErrJdttrll o o<o ootouoo-a<ovr r uO t L JF <F F (t:trj <tl. - O f U| t 1< F lF 1 F F < F xF F : L > Z I l

P - 
i i| o i' t, o F € o. o - (v o .t tn € F ct o. o d N tn + ttr €r F o 6 o - ni o s 6 € F 6 O o d ry D qUO

tZ -NNNNNNNNNNmOoOOof,ooOCJSj$
6

B-4



[ -(Dao: (n : rD(D f - : : : f E - t : t : : E o: = : t E : E E t E 
= 

E E Z E : : - Eool>r--o5:roooooooooooooozc)ooooooooqQQ9oooooQo o a o- no - - a L -a o o - o oo o oooa.lo o o oo o o o o oo o ooo o 6 o o
U
t^:
6

()<
uo-&<
SO

tz<!
oo

a
J

d>
FU
OJ

u
b
l

tt! IN

U1.ta
n,
o\

rJlo
R' 

^l

tno
NF

oooo oo
oNm,J) |')0s

t

t
>a
2t
OT(Jt
z,
:)l

o+
It
ot

Eg
c*

F'
<t

J'
!l
ft
gt
utF*
{a
ft

t
ct

I'<t
E'
tt
J*ot

'a

oi, oo
a -(\,

m
O
Rl

6F
az
<U

!U

J<
oz
&<
F:

z

&
ZF
uz
FO

<()

'
.JU
FF

F}

6

<c

(9b
zz*:
>t

o!io
t'|

ltloo oF
aaj F{n

(, (D L(,(,(Ja oo(J ut (D(! l! C)(D l+\Qqoco
I : r o d t [ 6 r, O -r - ] I 6 I .'r - : ! r t : 3 .D 1D ! ! I : J o e ! ! n ! ! !
c O e.r O a O O. o. d e o- r s cr o- t-r r,r & u o o L, cr t t' x u t cr o cl z 9 c I 7 z x z
F o- a o. - o. o, F O o F O o - F O o' l. t.r ct. o. d- o. L F ts F FF o. (L F F o- ts F F F ts F

I'}o
N

out(D ooto oo oo tn r, oo oo lt ljl 9? o !
oo.r asdFo; oo ci N oF 9u1 - a 6Q o N
o ru cll< d(n ,ra -; N i(\1 < N

rv U|t i< Ulo-o|n |,1 o'/] U1 inul o |'tR, o n lri r,| Itr, .' l\Jl! o O nI o o tt qr {,r e 4 9 Jt \l e + '\r 9i oln s o' o o O rF d 6:; bA a 'oiir N ! oot -o;t + o 'lr-{o Q l. a o o ru } t
n s s m o l'i rt n Gl I n m q .t m,b 6' o ri o .' n { i 9 n $ 9 {t o (n - m t in o o n n m N r) N -

o dF-N
,J| ol.flFo

J

<E
>9

tarolu
LFO

l'r€€ o€ € \OF

ul F o o +oo rv {\J

uza
OF
N

$
JU'>cucr

'.,2
Z4
HI
o<x()<

E

IY

cDa

d€&
O t*, * * (J0
< * zJ
J Z g HCL,

J F C F >r|,(,
c. UTJ F€J &g6F F!
O rv- <EAZH0<(J Z )U| f 

-e\ z:tE <J:c< f JJ 3! oFoz 1i. J o io &:f,< 0s<{/rootr6 z 6i I> ZZOO C
Z oir I di; uuo oE oJe > 7iz*<>a uoJ) 

"lFE .t :...< o'oFP*.3==5955&YE?fi,4?i':51:i=i:EH.rFEi -4 e7.d z b$ f, 3<o d r)F 6o<J <2 r> u < << 2 )uF (rLruu-j F 51j *; i 5u zn s:cH C)oorJJU<fcl&z:rzLoIDao:ELJ-Lz >-aza0Jz26a 1Fi*o-! < =< o 0 L9_

= 
J< -ur.JJ 

= 
- rlHq ] r Jt! -r jg6 >ig- ' r{,)61d) < << o()t L o 9d L

5 -:orrru-oboos. Gt-- - ---- z- r l
- 1 O F r J : F a -: : F t.r 1 r d i : r rt o c : ': rr: 5 Y c d tl tl t ! -t 1 1cr ! t < c - o ) f

O ltl O F @ O\ s d (v $ it u! $ F o S e d a .| C tn O F O 6 o i fv n It U] 9 f' co O o - N n { E 9 | !
6o 9 "f {.t $riuisr-Rnur$slJ"rm€6soo6goo bFtsFFFFFF FF@oo€o€- o @
tz

JI
<FFI

JOOJJOJOJOO- -rr-t-:t- z-:5tr t Ert:I-f l: :If E:: t

ooGl 6N6 6 N"tr"l6F€IJ|€F F FFF
o{(') N.t o
FIJIF FF O

F Aioo
oFot)

B-5



'rJ EE - t --- I - t rI - .!)!! !oo soocDo(D 6',rrOOo tI r:E€OG: r f ror r6 OOOOOOOOQgQOO>tl>=sazzlf:z2z)llooooffoooo5oS
> oo o O OO OO O O OOO o, O, o. CL O- c O_;* o. AA -HHC o. O- o O o oO- O- o.) 6 -o' O o

o .t onj$ o w€RIlu N (o dN @doq N (\J F.'FF .' r'

-t+
o o id (oooln o O\
o o <rr 9iol\J t\|
oo

o Ooooo ir)oo .\l .O O
J) oJoo otlng F I o

nn N cv(JN

ta lt €oOaoo Od4nnlnJFLn-to !n oUl OO|JtigNoN N F()t€oo fn rvod NNo srrl o or('(n

u)LLI!L L)(/'l,u)U(J(D (J(JL}|TL, ta,L,c, t, t/) n)! t ! o ! ! o J : : (J u o rD t J J J 10 i t ! J J t o t : t f t !' (J t : M 9 f f o .'e I a. t G (l a cI c I o. c- L a C) c t &. g, I Q ar c I (J o. o () (J u u o o. u u () (J o u o o I IF F F F F F F F F F L' (';| L} F O_ F F F F F C" F F F A c| O- O CL O. o- d O O. O_ O- O. O. O. C A F c-

oao0
OF\OF<(n0Jnl

Und oO o\t aooUnOofVOOo ooo6ootrl'roOUlal.r)agOUnUnooo(nnFRI O€ O(} .OO\OrNF'{)tj1orNtt -to+o\..)o€61oeio\O€moo\ltOoooFOi - r.|FltiNOm N\tnorOdriF\t{ d,N+rt\JdUl$l<

Jl o (J} O 9 O e o J gl O O lrl o {Jl lJl in U) w O o 't O o O o O o - IJ| O a o IJl lJ| o lJ| !n (\ O lJl tJ) no t F O F .| O ts O N ,n n 'Jl d F C -t r.) .t ! H E F \ O O N O O\ < - l'| d {n i O O 'o c| -} f) O .F|n N f't -' (n tr) .t it (\J f\l F !n I N .t n o o (t m -t o - o .' |,) ti |'r -t n I,| {t Ln n + ur o -' |J| it lJ) - J

FO OJ,-n0iOON On(D O4 O onSO
{rV .Vi-6 QnJ (n .t njr.t {) .UNOS

o(,1oo@o.t.tnA, 
^t

()<
uJ O"(L<
(n()

tz<azooo

J'!

FUJ
FU
OJ

c(
U
L
l
a

I
at
a
I
t
I
I
a

a
I
0
t
t
t
+
I
t
I
f
t

>a
F'
za
>t
ot
at

?z+:)aoacofaot
JS

s
c.to+

t
<tF'
<a
ot
JA
J'
U'
'a I
G'
L.l aF3
<ltl

t
L'
cl
>l
It<a
lct
rl
lloa

a

I
a

a

I
I
I
I
I
t
tI
Ig
a
a
a
t
a*

o€€

\Oo\OA, €€ $S€€e€ Q\O\O \OO\O €F €Oo

N.oO d\ lDooo 9.toOUnooiO €codN tnmNN lJ) a\rFrtifnrN.) N

\Oo\O^l F

rzo<)F
N

J
LJ:>c
UCOh

'.t z
Z4
Ht

<x
O<

=

OF

xz
<qJ

o:
tD l,

9r
J<
oz
(l<
FT
z
CJ

l*

nz
FO
<(J

' I
UJU
FF

F'

<c

z)

(' lr.,

zt

>!

r t : t - f : I r I f u - -J J J J J O J O (! O J J J O O O O J O I cJ O O O ct C: O O O O

9€(n inn|r|00NOOO6 0rr1 0€6FFOOFFF
I,tUIF I\FFNOFFFFF F'OFFFFFFFFFF

O o i N o .t tn € F to o\ o d N..) -t rt .o F @ o. o a N r') $ n \o F Co d\ a d 61 6.f tn o F o o o a N(oo\c o\(Fg\gr$ogrooooooooaooi aA,nlNNNNf\NNNf)om

O|n O a '5oF ur o ln

IY

.Dt

JX
<F
F(L
FO

!
U

o
J

ztL
<t
do
>9

o
J
a
E

z

Uz
!o

uoa2
'n

Jl/,JCo.na
- -Ntr.l Cf -€t Ctr -tt tl'l*t <-NaOFNr* J -'el :6 o X <t 6 Ot****t - o lrO. J (J lt:t(,(9zo- o! ZNN J Z

f H J lDg8<x ) 66)J)6O lrJ 66 J OZ) Z A J JQUJ:|]'J6 I-}c)c)c,JFU'U' Y ZJJ U FF(>J <( (l. A UJ<JAAUJEIUOOOOOJJ[JUJZCZA)J I FJF{tH Z OJZ'l t:Cu)u;aTHqJOUICOItI()*tl.O<o(rOO (., )aZ6:I F >Jlo. !OoqJ*JHI> <<uL,uzz(JcrFJ(,rzzcF f,=dzZOo. (I <<O u! rrtFHrrrut!O,:(''c}utrJal.Jl vty <<<x(JG<yy(lHtt<sHoI <LJ(/)IC<<OaC'-JJ 1 | t c|O::E I rd Ut UTO|/|I y
o>J('f> aO I(, o. (9C)r9(, *ts>Z ZZoaa ZZP U< JJe. o Ht:r oot9:r I LLraC&{I zQ,dL Llr-oLQo 4>oorro.<Jt!ldFOUJa!< O<XtrJ<t!OOOf >fU>tJUOOOFOFFI!C aFF< tUlO43O&b z rHt^ JF(nHC 6c)d]Zc)>]O(&gJ JJJLJ6d.JJ:'t OzucYrrj JHo(' J<2iz26(l 6<Oc)c)U(J(JH2HA(,!UJtr-HH tLF 2ZZ< @ r! JO J ) lrJ tO J J O t t ] UU U: f O O x x x : tZ Z ttJ - U- - t 0 ) Z : f O IOJ<> HOcOo OOOuuu>OzzOOo<O<<l<<u<< <u()oIO< d < ! J : t J o o 1 > I (, F F F J J J I J < < r! tr- L I F r I C f 1 I I r L 0( y FF F -)

B-6



d')rtm.) ln{\l o

o oljl09t'') of
N F^rurlnt .tO

€o- = 
(nE :E E = -:6r Et t Er : : r r :E = : I r = z- iD tE TE E E Eor:E = :r ro o 5o o ct o o o 5o od 6 6- 6 65o oo o o o o 6o :t oo 9Q oQ o z ooo c o

o- o. o o - o -o ()o oo- o 66 6 55 6 656 cra o Oo o Oo o- o o 6o o o o -o o o o o

g (')tnd (n(V
o o ooo oo

O(JLL (Jtl(J\ (J tn L (D (J() tj(J -----iD I I
6-i - [66-d o 6-tj I cot 5€ o - E r.: uO f : J rot-c o E I I I ac oE - r
o, o. - O a- t o, d - a . tl 6 r I - d - a d. e u o o o- G o o cr E 9 9 9 !l !a 9 9 x o o' o o t
. . ; ; o- O F o F F o o. d d, 6 r.r d. tr d, tr F F F o- a t: o o- o- F F G o- tr * o- o- o- F a" o a o- F

doi
da

r)|\lro

(DOOO NcrdtnOd

U

{ng
I

(J<
uo-L<oo

tz<.a<t

J
U

ur (\,
Alo

fvNoo|rto
.t.t o9 .t o

Ngrf'tfiJoooo

(Ffl |tlo |to I o oLnoe ao
<vrv r.ro de F O 8F@t\l rnc

lrltvocoo oogooo€ Nt| IJt inot\ ol\,tog(t otn 3
-;N.o r\l urtJlit'l Fr 

=- 

t id

ooulgt
n00a
Lnt^|,)0

Jt o a|Jl
dtt!8jd

ooon
I
FUI
FU
0-)

UI
LI
l

Uza
OF
N

dt>ou(t

!
I

a

a
t

t

I
I
s
t
a

>a
F.
at
)aot(J*

a
zt
)+
oa
ot
:t
ol
J4

t*ca+ot
L'

<t
<a(f,*

a
J*
J'lrl *
tt
cl :t
U'
F'<tr
:t

cf

zn<t
:l:*
J*
0t

*
t
t
t
t
a*
a
t
I
t
t
{
it
I
t*

F
rtF N9I,lI (n.t|'z

U

z

z

.J

z

'
o

o

J

tr

z

O

oz
Z4
H:

o<xU<I

txo(J
uJo

<FFA

!
J

)
<t
UC'>U

ul

J

z€
U2
I

(JO

3(

f

oot,tulgou)o€oo olttouloorrooNo!rtJ| lnOOol,r o9'l:)9u]onooorr)
rnnflao'rr1$qu)rr9 rv€oGtrrl.tN€o\€€qN da-o- Coqqgl.'Jtr!noN
n j)!n€ln^ldurNnn €-;;iidl-;N - --- Nir'l-i NNNN nJNiNF

in o n Lt'r ul a o o o t l o o ul Ft o a e o a ru o tJr o I |I) m o o o o J] r'l llr ? O I 4 4 o o c o J1'J1
ij ;; ii a o o t ; boo J ;- ; -5 6 5- t,o- 6i -- - o- tu't + { F o Q 9 c o <c c s
{ c o m ln t o o * n € n g rri } ir 6 i i ili n 6 ul q > > j o n'n FF Jl rr q c m o F o trl o o

S€\o\o €oO\oO€ €o€Q.OrO€:roo |.no \o@O\o€O\o€ o€O o

lJ)0NA F9 UllJl
mn (u 4F N{\l

oarninoo
Rld

fu oo o(o(|.o odl O
N--r"l mi N

o o o o o q! o o cr o o J c: 0 0 0 0 0 () 0 J J J J J J J O J O O J J J A cl .) C J O O J -J O

FtsFF€€OF(o@FgOFFFFFOF!,) O9
FFFFltsFFFFF{lFFFFFFFFF €\O

(D o6Olnrto6d.oDCo@Foo
- FFo6{lFFtsF+FFoJF

lrJ

F

F

a

(9 U
ra

O

13 :
Nng L) F J o *

*tra 7 Z u z o : N
* * ts hE g U. o, ti"_rq
rr (, (' (,z:} F FZ Y
rE grc, 1- u zu<* s lQtr - cr 14 9>u0z
>f:)3b zY<zcre { -alln z > : uum<E
.:DaD.ooJNbu4oc>! olggq Ct zz E - )6t)
tt6u1 6HHqf,=gr<(J F,t lzz 5 -9L2 - - oFJloo>
rJr3r=Jo.ogoDFi9 s+ u4ut odzc.aizErJ9<r :o!
r!uuid<rrj{9 a q 6<<o a- *Fo -<o()O> O)>2 > trlJJ
JJJ)r, z< zuxoqoLiJt rlrJ>9t ;!,4 i-:Eo(J-o u('Hx

- a a 7' e z t citr't 
= 

-<f 5 y o o J,J q 
E = B ; t E ; = ; 5 6 = 

- !> Et 3tLLLtA l! <e < (JUO!<'qJoZJ)-=)

gilil;3iE FiHi;;iEq;:: :=i; :?::: qii:l ;::*?:s * s
i-FFt-*5d1UF1f-

fi nfr fr fr s 3 6u3;s 3E SgFlryriqi))*^f'! * t* $ ts co (} ai l\Jfi .' gl €F € 6 Q d m|')
fi rnnf,l enf,? {t f € 9$.t { I € -tlrt tn Lna

B-7



6 5 5 E 22333 5 5 5 3, 
E i E E e E E E e EE i g 

A E E 3 e EE E E A 
g E : e E i E EcOOoHHo'(Lo.OOOc

d$tn + F o-o orni+

$:cr!+rr=E$SSr=" " 33"'?h'3'3t,3b?3=3333,'38
+ 9 9 t,r tl. cr <.l u u o- d cr u !? 9 9 u a a o_ t.r O - - & cl c r-r o- q O a o: t & O o. o_ c a e u a sI o- o- o- ao- o. o. (L (J F F ts (! o- o. o. o_ (J o o. o- o. p F a O o- - F o_ F F; (J o- r.r o <_r u (! o. (J F

ON -BN's funJOJNN

J-'NfiO
onlioo

U0

0c

o(J<(
trl O-
tL<(, (,

7Z<tao

o
J[,

HJ
FU
FU
vlJ

(l
trJ

fo

Uzo
OF
N

J
irj :>ou{lo|!

.)ZZA
Ht
o<x()<

I

lr

.0&

J!<F
F(ICUFO

!
J

)
3aL<tI
lrl O>9

nn
€<t

niJloolJ)
€OOFF

oJ ooooo F6AfV
-.t

o 9-o oaNd ('|RJ{t*ur

t*
at
I
I
I
I
t
3

tst
I

2a
4

U' *
:t

aLJa
I

L'>aF'
<zf

>azoa(Jl
<t zt,f>a olo*ItJOa

J!ot
Iacaot

FL}
Iz<r

F'o<rot()*
JI
J'
!a

xta
a

ulcat
uatsF*
<lq]+

ttLa
of
>l

LII <+
3:t

E')*U"fa t<t
I

lrJ I
rlta

t:lt
aol
a*
t
a
I
I
t
a

i
t
a
i

t 4 a a u1 O o o a n O r j o i o ln o N N O €| € a! N ltt t € ON O-rd O NNN rnN

9ltloooo oao N€F onqaooOj.trngQ fiJN.t -NUi -rnO+|'lS

€ O O €O lo \O € \orO € \O €6 \6 O o\O + .O \o rO {)\O € \O \O O o€ € €\O € \O € € \O € € €€ € e9f!

lO N rJ)oo OA!r1
NN

JOJJJOO6OOJJ JJJJ JJJOOOOO JJJJ JJJJJJJJ )JJJ.JOOA

N € q o O o 6 O F O - ln { + € o d cO iO O o € !O {O cO 6 .O € rO co O Co cO co € O cn (o O (o 6F F li ltl F F F F F Ln O U|r F F .t F tt! It F F F p * > r F F ts N F t- I I I ts ts F ts ts F -

(\l
ont{t

t

o
@

U
F

F

vl

J

o
c
F

z

()

t

IJ

F

!

ncoo!n
d9

€ |nw(}r\l
N Rl -{!

o Ln € iO I o o U) e o Ln o o o o o o F g1 c o o - o o o o o o o a o o o o o o o un tn o 0 n9 9 N O lJ) Ul a r m n O - N 4 |! € - ^.t 
o m - o o N .o o m o J .o € nJ o o o n ,J) tn F nJ o o $.nnJ .t!ni<-9*daoo Ni ruru-mru-;_r j+N; -ajoorulirru inqdd

? |'l /l i./) tn a Al o ij't o RJ n, N g 9' o o I o o o av o !n o o o o o N o o o Jt c c o o o o o,fl .J .o.Jl Q 3c t'] "t a t s 
' 

i{ oL J\ O -}') € -) O O Oo tl aj.,1 6 ruO rr nO c; € a ru a iF t O t\ no m tr| 6,t iJ} tJl,t s q fi, a\l N n .t tr} n m m .t -r n o g o s g c o o o ru o o n n o al ilr o a lJl IJ! t\J

z.

|9

a

ct
NQ€zt ts rtrHl Z XP Z > .

< c !L 6 0 { zzou
JZ n !< H Y) UJ >:<UCZ A.4 I / < uJ trl.ol() rdF J Yt iL f :EU ZSf.]O"auiFO0(CJ O<F <rJ bJa c}yclZ.FZsOE<rJ() Cat.,) a!J.A .9:. Jl:O<NfgHI&<::ZCt u<-F o<I6u J.*ZuaL I 0 u a &tuz :0<9Fg vc]

x L(JrHo-&f U< 
'-OZ 

cf FZ(JF - u o 4zT> 6c)0Fc) <ozzJ< OUOaUO<: kU(r>H>U 6t! OaOHUA2ZJ 9:E&OJO!H!JJO Z<f,LJ}uJO <!JIE <FO tDd(L) t|JJ<ZZZA 3)t ztJ<o- I t(J r&(,Fz<z >IUcu >oJU<O<HU4J CO> lrl : f <uJOJ|lJH< r d ot ] J('(J tri Js (: t: i :E u - >.) !' J(L'J c

oco
44

-o ltl Fl*ul <d F ull! A fz 1J - : oo oooao t < F
O OOO!aD d H U.lqt xr3ll o n J l

I< uor/t(,{, u i J I<o(!c|/)(/r u:E F xuu 06az o ccltz\Jtgtr-FFt!UUH!d l< fJ E-L|!ZZZ< t OCJOZ
:Qf,f oooooo0r< c autclE=ecLru(J ua>r@>-ts

s (JQd.e.e.zF UaL A Zlrj'C (I xxO O O { JtD C J(D J >-lrJO OOO()OJ<J trJ f I htl t :E :E < t J O C > 6 C O_

J
o.

tEo
oz

UJ
2
l

\o F co o\ a- N m rt f1 .{)F 6 0|0 < nJfl .t dl \o F @o a i
OT6OOOoOOo ooO oOi* <iidNNidT-ruN ruNN NNN NI\JN ru NNNNNNruNN N

I F o o r(\, {t'$ € F o O o -N (') .tnFFF@@OOA6@cOtO0iJTo^OO(J()
tz

B-8



: : : Z - It = : : E: :':E :E I : : T' ::E - : I - E E E E 
=T 

E E6I Q|,: - E- I
oooooo-oooooooooooooo666ooooQ99e99929?ZOOO9O---.ooo ooooaooooooooooool.lo6ooooooooHoo-*oo6oo

o€- 0 o
aoo co F

()(J()U(,(,(,()()()(,()(J(JuL, (J U(J (Jloq|u
JaaOeiOuot:Ot:uor.rr:r.r J l."ro:aornEJtll:l
{ o. o- a c- & a o" o- a t - o, o. o. o. a f } t t t ! I M t r L t a d u o o' cl Ja I (J o !, Q'J
F o - O O (J O (J C) L) O o O (J c} (J- o o o u o o (J u ur e F (J u F F F tl L (J F F F L o- L a o-

u

a
I

oi'||n |n i'l
o$cF Gl ur
dim

NOo|nNo O i
io(n

O<UI&<OU

tz<]
3A

c
J

u
FU

FU

(l
UJ
L

3

ots
N

dE
>c
lrJ I

9Z
z4Ht
<x
o<

I

IY

<F
FL
F3

J

J

<:
>(J

Uroc
d d =zo - o Jo r ,
< F o J cJ (JFoo :c
J E t a 2 J cl< F
& lrj LJ U g O( { > U !' lrJO t !l

s. i t" 2 zN o E i t: ruo -1 zo:. 2 g|.^
cr =>y ts zd oF!{< q:>H z tr t3d ?=_-b Z aio oo u <f FF,JUc}(' dd7:S c lrl! cc
i oJ>azs=z:ozp*<<< F-=-z a tr m3 -?!lq. = 

e{
o rlrlu{<u J<<oJcccziulrJtrl col'uF uJlrJ x9-o-<= !,^ai :5!!i"Haj.$1r ::::;:t52,{!Eg sl=1uEZais? q !;tsHYCA(OUFCOZ C6U-trrr4i> t'/l- uJ Oozz J9<,
e cd - - o utslrJ d<HH<uuJ Ftrz-E-u t4 qazu Z 4, .J -<.u u u d E y z o E w x < < i J J F c) o u ir in ; u (9 - co > g Y q F uJ 1 o o Z J T t J J a ]Z eI C(].IrJ<HZC OC}J<< oZZuatsE trlq: 4LqoaazLeqHU
' 

E F - < < J s > kJ u r! --.i E J F F F o < > 6 s L 6 o r u r o F o ; q 6 ? t ul tJ : 9 9 :. - ?o t! <o J JJo <J > H < H< <ac z <o I <J cFqlo. r Jg H< < JHrtr !u!e
t oi O 5i 2 o6 ui : r i -i i d e L td 6if, rn o 5 < O<.: -O t t oz o c o-' a -r tr o

cD N r} -t tJ) € F .o o o - ci n I n € F 6 a o a N o t Ln € F 6 o o - ry Q s Ln o F o O o 1il ! I 4
u o ru ru N rv ru ru ru ru o o m o F f, - fi o n + + -i 't .i .t 

' 
g g q ur rn !n in ln !n rlt tn rt! i' o o o o € o

7 z N N ru tu rv ru nl cu ru {v N N N 
^J 

GJ N m N N N di dr N N N N dr N N N N N N N (v ru N N nt N nl lv N G'

O jy'li HOl,l t<
O da-

oaoo(v

Nnlm n ao
.t

rn oNoFrtF
N fil l\l

tr)oa€o o(..|ntni$ -

OCO\O€\O O\OO\OrO€€ O

o{|o o9
cV i -N

a!

-tNo
lnII

$

I

>t
tslzt

OI

zr
f,3cr
:t
J'

E'or

<t
<*ot
J*
J*
Uq
]$

I
GI
UI

<*
f!

>t
:!+
t$
tl
fr

t

{
t
+

t

I

!

CF
!z
<uJ
o=
.D I.J

(,
J<
cz
d<
F'
z

()C
0a

a]rF
uz
F3
<u
]
UU
FF

F}

<3

z3
-<
r, hJ

ZT

>!

.o\O@ {{\O cO.O.O€ €q

rnLnooeo |,no9 ulo o-a oeoooiilng 14oq|u19L49oUn oOO
aHlJl]o€o >Oo iio orlro| .oourSo'o(vi no\oi{-'9+r} moo
N N n N;N idl ;;- Noo,tlNdo(v \N:irtiNd a'J|

o o o o o o o Q o o oo o Q c o o q o a o o 0 o o I o o o o !,1 Jt o to o e o'J1 o o o :.,1 c o
3 -)N9 $$ <cia oo!N .o.o a oa a J' € L J' L t-ao J},Jl o cil FF o-tN ! !} } !
ru c n n n o .t r't r.l -r e o i a J N 5 ru ni ru nr rv ru ru ru dt o a n N o -t a .t -t'Jr R, m N o o lt o m

JJ-J JJJ JJ J JJ J J J J JJJ JJ JJ ) J J ) J J J JJO OOJOOO J J J J J

aun flFF*o€6€OFts OFF€OOiJ.'
FFCiOmF FOCO€(oOOOFl.,1ot,l O
FFFFFF FFFFF€tsFFJ.OO €€oNouloFNFNLNF

8-9



: E - I=Er -l :E 
=- 

: EE r :l t t..lr - = E I r = oEr I : E r : = f : r E r a).!.oo oo oooo oo o ooo ooooo o zo o 6c|c) c)0 cooo o o o o o o o0- o or f 5oo o o ooo oo o6u o ooo o6 0 ;a o oo o o o < c o o o a o oo 6 0 0 a ca o- o-

oo
Od

oo lnON i'H+ N

,Jl
n

3 F O|'}A ON
f,t tn

rn{'
(\l

o un o o rn tJ.l o o o o o Ur| rv o o o ui o o o c I rn {\,1 o o ,J| c ut a I o t'} a o o o rJ) o o o N o 3L a/ aJFr'!,n o €c)+ iF Jl t€l + ot! i aj O d !d) O JO F o o E s .o o - J' s 6 c a F il - J]n t .t o(v l'| tn rt q { ra N |'| (n rt f| m rn o |'| { 5o € .' dr n N dr in {t - n n it $ - - o s -t N o m m

oFlF!!€!
ruFFFFFFts

€ oo€oco€€.oooF
F €NFFFFFFFFF

m {\t

u
at
f

tn
tr
I

F o:Ln
oFltti

JO

N!A!
(}FFN

t\JlJrn!nc
doNc

ni

: r a ! u s t r r r a S ! o h h h - 3 3 tt 3 t ? r t ! " b b h b o r 3 r t r 3 3 3
9 (J (J () (J(J O (J(J U (Jd (J (!C (l A r ]! ]t(Jl o- c. d tL (J g O O t & : E,Z ! Z ( X- O () I3 I g
& o- o- o o- (L (L (L o- (L c- F o- F F F F (J !) L) t o () t () o- F (L c- F F F r r p i t o c- o- F F F F

Od.' r,)(l

NF6Osi

€!no

\O €\Oc€ €€

U<u(!(L<
6()

tz<tac)oo

Jtn
ir,

FIJ

tsuOJ

a.!t
L

o

t!zo
OF
N

J
d:>o
lrj (l
OL

t2
Z4
Hf

<x(J<-
IY

.ac

JT
<F
FO.
C lr.l

J
J

o
J

za<zUO
>O

(D ru dN-* 3 ,1 3:5o ot FF & * F 6 0 trJ crorJ
J >z s, : 22 H . o :F : H ,f; ,ree,rr UO It ('c) ld F J f *Aa- :N ]CIA
- 

z o a6zza: (ldgcu zo Jdaz )2zz I) )1.:)
* 4zq >>!xooz ct vJrrJooc! < <uur J<<coJro o6!!!
3 

=!ul 
odcuzztto-< oclJJ[Jrr:o oyaat H<H!Fc6< Jx6r,

: v)<q? ZZ4gZZOZ,tLJ 2Z>>cF(lulJZ<O<d tJJd<l-<F <aJJ!
!3 - 9g <Z>o<< o bJFlrjtrj<(< clrjoJ<-<JJ JJFUJHJz z*ubu

' 
q3O JH CTII9()19U.JC(rEgET!HF I!gf ITJO ZHAZFFL!<>OJJJJ

- qlq@ UJfF ttltn :zC(,(L(L. <>><trlaD(JIOCO ullluJ Fa=9Ua
- !J9- O.G O tLH(rH tto tgl oZ -tr,I uJH o()JL-LL
?, 492 O Odrd|rJ<Lr2i a!!r ::> oFd <du:(!Cofi 0rozoz OOOg a, r u H ()t! J < (t (, H t! trJ z t o, (L vJ U) c} tr.l > iI (l u :E J < 6 < u u u uJ J F < o z o
= 

I- Cq 2<T(I. {!J(DFH lrJtrjtrJtrJdGo lrJ> I- oFd&FH :*HJazzz
f u_ F q g L < z () o o J vl t < o {/j - t 

=} 
o z L- d) o x (J o (5 < r, L L J (J r! c c] J f, > I ? 

='J J_ g- bJcHuJtrJH<<o oo<-r:){ oduJ-r rJ<d r> <<o33< I t < z o o cl (, (9 
' 

> r u, ! f 1 -) a (J < d t (r (, c q F - o- - < < 3 o 
' 

F t a I o F F F

n ^ 9 ?: 9 q € d ru n { tn o F 6 o o < N r't -t un € F Co o o < 
^J 

n .t n o F o o o r N m $ fr .c F t o
Y Y : P 9 9 | F F ts F F F F F F o o ao @ o a @ € lo o o s o s o o o o. o o o o o o c o o c o o
4 < IV N NN N TU N NAI N NN RIAJAJ A/ AIN N R' N N N N N AJA' Nru N N N N N N E S f,O N N .") 1fi

FF.tN

m|Jr
|n(D

Ngr

a
I
?
a
!

t
t*
I
t
a

I

I
a
s>a

F'
2a
)a
ot
O'

t
Za
>l
ot
o!
Itot
JI *

Iqao+
L'

t<l
FI
<aor

a
J'
JIultta

ataU'
F*<att
L*or

a>$
I'<*
la
lef,a
ol

t
t
$

t
I
a
t
It
at
a
t
I
a
I
I
t
a
t

rtF .o,'(F q|n N.t.foo U)aV i €1,!

J}co
GJ('

\O€\O € €O\O@\OAO O.o6@aQ€OrO€€ \O€mml'}.t.t

J

o
g

h

z

(J

z
U
t

c,r

z

-
J

(r

t

o
o

t')$of}aaN'ft

o oUlo|JrLnJ)d nruNdja
<-Ai{<

€ oo orr |'{\J
-t t\J !\t t! N

Frr' ul€o o!ooouroul oornrno!r|ol'lootttocoF Nrl-t oO^JtnOdFl o.'O€-t{jaFoa-toG
dGJi O i ruN- nJ i-tOdNONtslt)-

7F
lrJ Z
FO
<o
3

d
UU
FF

Ff

t^

<c

z)

(9 lr,

7!
H:)

>iD

J J J J J JJ )J J JO A J J J JJ J JO O JO O C C) OO J J J J ) J J J J J J O 
" 

5

acO OF o.O(o(oFcOOinao €lJ}|,}Ftn|nnFts+

B-t0



(o' : : ::E : :' ::E :l :E :' T I: !' : A :E: I I f, = = - E : E TE E : TT : I : : :
50OO OOOOOOOOOOOO60- c|c}OOOOOOOOOOOOOOO9OO9OOOOo.oaoooooooo(3oooo-oooo60000000000000000000000

.' U)F
omd

rurv aut
F€ O'
dan N-

L')Fc ttlndti'l9o ott)
FOiFFd0^OUI -.tji-n|dd .t'ri 4nt

Utlt 6 () u'lDco t5 n: 6J6|D(J020{J.oO::ftO r!-f,:tt::u at:Jtto9('.'0(9i9trIox at cx o- (J (J (J aL c G I L) u o u f ou u (J q, (J c, u (J (L I (J L, (J c () I (J o (J u () () I u o o q.
FFF()O-(LO"()FFO-CLO-O.L(Jo.O-o.O-O-O.(LO-O-(J()O.O.O,FA.O-dO.G(LO-O-O-OC-.O-Q

€ ot')loao oo03 OFN\OO aOU||
N $H(V AldR,

ru oooounoooFl. 'oo.t.trvF|n j
Rl Od na

ft, G' O Gl {\Js

-' f! o N og) ljlF i o.o t o o o(\Jo 3 oo o oin o 't|J| (o do o 0 \io olt ln a, (v o oF o o
iO -N o -rn Nd n ll|.|-N OrJ}^ld-al -)d

noNflniNoJlo ortloo
{t rt tin Cr'}trr.ttn itttm0J

.oo olnn tn .nF

ooooo
N

NNNNNN(VI\IN ruN

0

6
!

u<
U(L
L<o(J

'z<:
EOoo

J

FU
OJ

LI
lo

uza
OF
N

J
uJt>c
uJ {r

0zZ4Hr
rh<xo<:
IY

-Jt<F
FO_

Fc)

U
J
u

J

<-
UO
>u

J
l
g

z

z
'

tz

Otn r,.)rt€d Ulnt
aN o-No ltlo

g

t
t
t

I

zt
U'

=*
lr, *,.
0>r

FA<zl >rzot oa<l zt:tr ofo*
)l

JOr
JI

c{
tEi

ot
tz<r

F'o<t 6t()'
J'
JIdu&=f

sugt
d*

FF' <t<ra
!Ll ct

+

!Il
<$

3:tt
E'
lt
64

f,a
t<*
a

U*
tf

t:la
I

st
I
I
a
t
t
I
t*

o

)
(l

ts
z

I

F

t
O€\O\O\O€€€OO.OO€ €OO O€'O \O€\O€\O

rl 9Nr,rt oFio ocoo
N--- AJ A frA

€ Q \O O € € € €rO'.OrO.O \O \O €

otooOoF-e€ oUnod<NL.)dd(\JiO {-tr}Nw

F

6

g a o e o o Ul ttl ljt O |Jr g) l,l rn O O o o o o Ltl o O o o o ln O O g o lrl O l'l o (n ljl ln e o O o a |'l
a Al o o o\ (n d - F o d Q o o rn a o nJ U1 !r - o |n € o nJ N o o o !n 

^r 
a N o {v (v I o N A, o -t o

n l\J i.1' - d d ri O .t N nj ilJ - N d !n - 4 N d r O i i l\J N d {t .!' al 
^., 

d N i i O rt ft, N lV N d A,

J) al N o I 9 O a O O O O O O O O O iJ't O O O O O O 0 O O O O O tn lJ.| 4) O O a O O O'n O O yl rn
.' n < i 1 9 a o {t .f o r\l o o o c .o o c\ o n, N N {t N d o dl J) tr) c.D or i o g\ F F o ti s N i! o
n N N F n |n |Jl F m r) |,) 6 n .t fi i.t lJ.| a U1 Un {t t I I a .t {t (t .' f'l .t .' o o F o n n s n n n o

FFFF FFFEF
tsFFF FFFFF

c)Oc:OOC)O6OOO6OOJJJJ J JJ JJJ J JJOOJOOc) JJJ J JJ J JJJ J

€ € co co Co € 6 (o 0 € o 6 0 € F F F F F F O F F o F F co 6 0 € € (o
F F F F F F F F F F F F F F F F F F ts F F F F F F F ts F F F F F

z

a,

u
J4

<clJ<$.0 z rr < z a''qJ >8 Y (! < (,(, I U
UJJ! ->Z O-(,fH O*i Og Z6G, OOOdA O(IH)!i Ul ('F &
NlJJ Jar o-o(,G 6ulo*uuro'r.luJFgzon< >9aq Jt>J>uJ
{f<< JU3 zcco; a2c.>-ziF:o-c3r)r. lt zqitrJEJrF
ouJElJJUrDCt<I<:z< <<-[<c'tJ<E(DOO<O o o.gJF<col!<<y)

F JHZTUJU: JHC (!C!A=c]-<JO-tOeJ.roJz- t=9lJ--:E:<
o 6<<r F(?(,<r : oL-q---0.;ooof z J Z ,v I J
co c 6<c{r(' (J <z (/lilzJ-(L - l./'z-HlrJ t lrJ!?cr|,Jo.) oz>:-c--<o (J -Jz!=6-<-'Forl<oFoFg s>< Lj
.Du<H:e () d)(DlJ- >o:!JvtF> bJldCJo.O-Jt/)u F:(,ulrJJ>lr,Jo>
l,t!d><22? ao"zaZaod.- >FzFAr!otJbJoHzzuJ-J|!F (9dJc|]Jc
u z z e. (J - - - o o c, a J. - r a - < t!< F 

= - 
o cD d t, 6 ) o 2 r q !! E J t ) z t < t z

bJ<O< -tirj-- uJ<A<2- t-jrrJorZ.dooo<r!oflg3 ortrrjl<u
J 1 Q : 1 .) h o J J cD O a - j . L t! C) u - o - t < a a 1 .) 6 I Y a o F 1 

' 
r o r -) (J ) I

o i N o i 1'l \o F o (} e d (V F + tn O F € o Q d N o a ln o F o o a d N n + tn 9 |: 6 o o - N .i
a < N oJ rv ru ril rv ru { cv N o a" o (n - m m m r, rl t -' a $ { -' q 9 $ t l/t ln Ur lJl

fi O f, O f) 6 O 6 r) O m r) (n (n d) n m O O 
') 

r) rt (') {n O n d c.l (n (' (rl O |n (n O O O - m O n n m r}

B-l I



EE:f t-Itt-::-:If :t-:rr :tD==::::I:r::::II-cD>::ooooooooo9oooooooo ooc)ooloooo oooooo oo ocoo >oooo o o o 60 0 00 0 060 0 600 c) 000 0 6t! o co o oo o o oo c c| oo o o o, (900

.' \O n€ U) o o.t
o o do ao

o o ann o lJ) Jlo
6 Ul OOO O O 30
fi - N-o 

^l - 4O

l^l
tn

tnq
!

Ni

o()<
lrj (l
4<o(J

-z<t
rEoco

U

(J

FU

F lil
ahJ

a,It
l!
3

uzo
OF
N

J
bJE>c
lrj C
O|!

5Z
2H
H-

6<(x
U<-
IV
UO(D(r

J!<ts
FO-
Cqltso

lrl
J
U

(9
o
J

ct(L
<:
UO
>L)

!?UHOU
(.)F.'
< z z a0 <
J tt 6 O J rrj Z) d
o-zz\JF=zJaoo

lrJO Y q F C f UO.t bJ r't,!,l'(4F -c -tn zo uJ t t d ozeu ts zzzzot a
O r.t t<F Z JZ tr,olr, tY,OgZ) Za-44Xi -a\ rlr.l >[gin 5t J. a -i. t^zo-z<.o.Otco <JJJJ11Q4q
o oFl'lrJJd <--;o uJ op2:Eot<a o ooY Ye.td.c€cc9o<
z. aFo-oo6zI-a.ttza H:|< <F0u<xfuo(Dc Jf,?? -9?iJ

fa\<(!Z -<<(l>Vr<-2> < l!irJClrJ H>cnf=('>
c a- ---rrJi-at.t<tii(,a6LJ oo:-rJ4F- i.J-F z FO oooo- a .z
LJ Htrjy>aOH F!J uJ J 8<uJHc)J oJ>H>o>-z&gEe cHuJ, -'i2 )(Jze e,Jzz FNdo>>Y,oz < H 

= <z|AJ6 JFglrlJo ]u< <<g JJ. 1\!
' 

Jf<ZIOJI<<F<lrJJu(J6tttZ :'!o<Jaz:HJ<otlIr=)42+o HG(lTTJ rrjHOlrJJHlC<y<rr.lOO <t OHAHZ!<z9EOOOCQ+J9:q,1
t (D L ! (l (, r 1 0 (J t! a L I <) I I 1 - I O :E tD Cr - t d! cn H t 1 rd o u ( l^J u u u c o z r u

(D .t r,| 'o F @ o o d 
^, 

Fr .t rn o F € ('r o i (v (' J tn o F € o o - rv l' .' rt o F co o ? j ry r _{ !! I I
: I n g g g g g 3 3 3 3 3 g 3 3 3 3 E 5 F H F 5 F 5 F ; 3 g S 3 n g g 3 3 3 S s S s s $ H s
0

o
N

oiln.to.ocoGl
I'l

O.I'€OOA€\o€

oacoo|'tNoNcJ)coo
NJI idaoi

o@ J)o Nonsl')
N- no m -t(no -l

n(u

oo
RI

t
I
a
t
I
t

t
a
I
I
I
t*
I
a
I
I*
t
I
a

F'
Z,a
-qoa
0()a

azaf+oaol.faot
J'

a
a

Cr!
ot
L'

a
<a
F'
<l
oa

a
JI
JI
ulata

4
d. ta
lrj atsa
<ata

I
bt
cl t
ta
<l
-a:rfaoa

a
a
I
a
I
!
a
I
a
a
a
I
a
a
a
a
tI
t
a
I
a
t
t

N4FNt'|
oNi-t Ln

€o

.ttz
< lrj
o-
(D lrJ

J<
oz
g<(
Ff
z
OJ
oo

IF

uz
FC

t

l^J U
FF

F}
t,

<c

z)

(9 lrJ

(lX
f

> tal

()(Jo <cr<<(J<<ot'(Jo-(Jr, t ur : o: :ut :E I- I & s I =vlt^ z2zzzzzzzz (JL c(JuL(J(JLouGuu{J(J(JFFo(Joo:tI::!,(,(9(9.,co('!'('!'.90!oto oo-cLoao-ota(J{o.ao.o- 1a
O. o. (J9() (JU (J (JO d I (l ttZt t (rt E A t A L) (J
L)(J0. (L 4o' o- (L(}- (' ('(' o (9ct!'o o (,FFF

€9

LN

o o oo otn n ut!na o o oa o o a ol,t." rto Ln 9Ln o oi't o |')0 ur rn |') o |') Ln |n(l in (n U1 O it o an m q o cD it o m O O o ln O R, F Q N O F N O O (v l'l RJ 
^l 

o fv o o Q
<Ft<NidirVN it d-mnr'i-Nru-ooil\j NoJNo

o o rn n |n ur ul t.} tn o o o o o o gl o I {t o o o o o o o o rJl n rt in l'} o o o d) o rn n ln o o lJ) ut
t O N |Jt -f F O,Jl Ci d Or N O A, t\l o < .. .o O il io .! i F .t O t\ .o tr O,Jn ! -' o ! o l't O F t n a \
O |Jl Ur .t t'|Ur n C j O a t rn |nln € O rt q (V n n, n -t {t o m I € I { d '' t' O -t I'| S -t c 

^, 
N rt} J

ori |,tooeot.l)
3o ('Fa'€N-
dF! Ndd Nl\J

5

O€\OrO € +€€\O€€O\O€€\O\O€€
m

oNNO€OOo(FO.O o\oo€ Ln ft,

JJJJJJJJJJJJJJJJJ)J)JJ C(,6AO
oaoooooccoJJ(:JJJJ

QFFFOFFFF
FFtsFtsFFFF

oc)0i (oo o oao o o€€ (oQ oo ooo9co o N€ o
U.}(VLNFF F FF F FF F F O FF OO O AF N.' F T

B-'12



o oN oii
-td

t a : : f = o : : : : :E : G : !o :! : 60 0660(Ddr, 0:E E r : t = : t tf = : : = to z o o o o : o oo o o c go f, oo o (D 6 cBco co 6 >z z zo o o o o oo o o ooo o o o
O E,3a OOO" caC CCO HOO, Ca O<

oUl iNS HNi
oooo o m-o

N |ttNmni,tN
< occoooo

ulcoa o ojrJrul Q o
oooor o NN€o I J
N-UD.n t dHalJl q -

cnoofiocooo
€$o€NOJEOOO<rJ4N--NaN!t

-to aon^Jo-ooatoN o oc
tdN i iin o tf!

O 
-i

J)oo
NNN

oz <(J I - a0 : f t = t t : u Lr.g t (J,g e e A Z Z Z Z t Z = - 6( (J,(JO'(J (J1() 
= 

(JrH o t H : -
c" F s a 3- u u () u (.L u (L o. F ts a F F F L 3 t ar al F o (J () F o- o. c- c- o- o- o o- r a u r o uu 1 1aq-tn-1a. u o utstsbF [Lo- u 1uF a5a1

ouro€o5o9j i9ruaooloolfi<No!+coo n€on<a -O^ri $ i

J
I

UCo-<4U

=z<]
ff

o
J

Fd
OJ

J'

l
3

)
!:>3
ug
AI

z4*:
o<

I

tt
!.cnz
JI<;
FA

F3

O

<:

>o

OO a 6 il,
J,>ra3

J Ia ,.sC h N J (J O
u << J-Ja < .\J * o->>> zz< t a[ ilNuJ F * ::zt -i > J
J lFnf d.f a a a gJJUul z )
ar zllJ|tn "}a :r,J *!. u tooo >9o za

ruueo e,9 < c - o ; ><<< alzt J- - {
! saJdlil rou Y> 7a x* z ioaaz o)J<z )aa.q
o cuat-JF -e- o! j:u.JJ ; o<<<c dull< 4{-..1 g ^-\ J Jo!!! Il.sOZZn:) L, * J n:r<1r.^74=f,it
? \i-i22'oB-3-*I391*jo - *ii5!!!5 J'U-1oi5::x:i
< L r>HdZZJF OUFEZ > -Jg:l Z ! <<<<Zf !Z ?!:=J"^:-16 .,ccO F:|Jo=&&<J UZO>>LOOOIU coJLft >o<(,-iluzr.:-;ui o-oUz z &a;<ko--- eqat -C? ^ - 7a=r.=u ud -*ICO(9rsE Im zO()>OOs'' uUJt!bCr<<9Jqau'-::-,--
z o crf-rFuFrtk oz uo. =FFoaJHluuz&eco<t:fJE =g:JY?..-: c A HtsZ< t:f L ! J: I OJ J&42 LL f FFFH 

'OqI:!J!!:q*e- 
!^.qA

o t x3 F F; < d f, < H! o <F a{ < >r ou< <ooooJ t.,Ia; j{.3; l;:.:uo ? :m'IL, a -o- <12 cz : oQ r ]o srz z z< L PF

E { €n o d .J 4 J ,t! € F 6 
'. 

c - N m .t u) s r o g. o r ru n -t ljl € F 6 6 o < N o if J| c r ! q ? ?
?9 rroo-oeooooo ::NNNniNNryrurururinomf,---oo{-!;: na;; -;;;f, { r.tr:t i $ i -ts r r + r Ji s J++ e.r {t ++ r r r + r $ 't i $ .r .l

ooonostocooon!innsnNnt90.t,t

Nd)FFc $ 3 nt cJ}- asn- J.\n
<aNJi \-d

Fn.oJlo!tro58ilNclc cF
],|nln-.? -'!^JNnN+ o JNo |tlN

F
F

-) ooo ooo .t oo ol-firrnF u)oc oitlljl Jl !n ?Jrc ton
r F !.t Noo€ b o -- + oO b -o O 6 oo oo o -r N€O i J .' o oc o-c!€ o
4{-r]1JXJ'O:n!On<< ru+j - -J' J]ll€|+<$N<N--nOJrnJ}N<-

a c o a t c a c o o g1 o Jl c i,] o i) rtl 'Jn o o o c J! o o (tt o o'Jl o o o o 3 o Jl {r o - r o o .J)

{ B ! ! aJl € n l I bc $ -.t J\ io i s J t s o a Nt ! o c s ntJ) Jt 1l t } J} o om oF
i ru o J 

' 
-' n o .t .t a I r o o cv s .' "t m -r o m m o r) :t c I dl Jl, :Jt'J! n o I -? '.) J J ! c fi

o9
{o
O ,J)
N

N lJI

tn
nJ

z:
2)
c.f
f

J

I
a

F

O

J)
I

1:
a

f,

E
E
l

f,

!

-

l

P

zz
<il

o:
!U

)z

F:

z
]J

a

L-

tZ
F3

<O

]

o.o€€ooooo000rooo ooooo€o€ oooooo o ooo€ooo

ooool')oNflNoFiNj--rUO 'Jl-'-

€ €.O

o60505co34O33303CC5

:c rooooo\@ o os od\$ oo6 CFOqI a
NFFFFFFFFFFFtsNFtsNSFFFts

tcD€!noo;o!€soooo€cooFFtsFF>ENFNFtsF\c|FOFFF

z

(9

I

l

a
7
:
!

B-13



oo06.o0000

U ::E!TT::::!
0 ()00000000

o

=t2zzzrt()ouEuGtuuaL
C-O-*1FFA1O

I Y AINOF-oooo
a)9 iU] N o(!Hi
!JO
BN

q
tr

UU<uo-L<0a

4n 44 aUc € Jloi.a, N-

a0itoa9n|r)n,
-tn Ul .'O-dm

rz
<I

-J
U

a
HJ

FU
t,J

t
U

)

Uzo
CF
N

ul:>c
UCT

3Z
ZA
H:

<x(J<-

I

a

+

a
t
$

I*
a
a*
t
?
It
t
a

>a
FI
zt
f,+oau+ *z,l+otolfaot
J*

E4
ca
LI

a
<l
F'
<t
of

I
J'
Jt
]l

t
0at
UIFI
<til
LI
ct

It
<q
fl
EI
f,l
0t

a

t
a

I
I
t
a
a

I
t
!
aI

z
ul

=
U

z

:
J

E

F

2

t^J

F

!

oo
OLn

o ooooia.T NOF JO
NSH

ooaeocooo
oo.o-tN€o64,
no.totuUlo

ooiJt0tnoco,J.)
o{'octtorJo
€-tArn€$q5.t

J

(l

F

z

O

J

3

F
JI
<F
FO_

Fa)

OOO(ocOCOorOTorFFFFFFFFF

J)

J

<:
>9

!

<ox
Jgl

L!Z

c lo oc)a y.>
\ L)!,<9idFJO 6 JCD &/tn<:- J>b oa8J0< cldLa oa><IOH o <)N(Dc (J gFcFf
u uz e.<E d:6Z |UYUIU<UU
= 

(JJc eocoz(3zo J<CHJ!O<<<:tor<Jd-)

O N.n$if,€F-o\o
ljo .t-t.t9$.t-t-to
=z -t.t.t.t.t.t.t9t,l

4

z

a
U

o

B- 14



APPENDIX C

"Using Large Diameters to Increase l^lel'l Storage" 
*

You don't have to buy bottled water iust because your well

yields less than one ga11on per mintue.

Even a t-, gpm well can provide a reserve of 720 gallons per day

more than enough to supply a family of four for two days.

Some aquifers, such as "tight" shales or limestones' iust aren't

porous enough to permit prolonged pumping. Especially when local

ground water condit'ions have not been adequately assessed, low

yield wells may result. These will require some form of storage.

Storage system design requires an accurate estimate of present

and future water needs. i.lays to calculate water use requirements

are descrjbed in "Planning for an Individual l,Jater Supplyo" and

"tJater Systems Handbook," (Both avaiIable from the National Water

Well Association). L'ight industry relying on low yields can fore-

cast water requ'irements through process engineering studies.

Large diameter well storage

The best storage area for a reserve water supply is the well

itself" Contractors can increase a wells' storage capacity simply

by driIIing 1arger diameters. Although water product'ion capacity

does not increase dramatically with well diameter, every added

diameter inch radically increases storage capacity. (faOte t)

The table shows that a low yield well with 4-6" diameter

could not supply a family of four requiring 200 gpd. Periods of

heavy use woulci quickly dewater the well. An 8-inch well with



75 feet of water-filled cas'ing would just meet this family's needs.

Any well l0 jnches'in diameter or larger with 50 feet of water

storage would exceed the family's requirements.

Keep in mind that water use js highly variable. In the consumer's

best"interest, drillers should suggest that casing storage capacit'ies

be at least 50 percent greater than apparent requirements.

Pressure tanks

Water system pressure tanks can also help provide storage. These

tanks prevent rapid cycling of the pump motor, and provide addjtional

pressurized water storage. Both of these functions are critical

i n i ncreasi ng storage capaci ty of i ow yi el d wel I s .

An oversized pressure tank can be used to provide supplementa'l

water storage. Tank drawdown is increased to meet the system's

demands.

Proven we1'l yie1d, pump capacity, maximum water requirements

and operating pressure and pressure range numbers will determine

pressure tank size. Storage capacity js usual ly on"ly a fract'ion

of total daiiy water use; and only 10 to 30 percent of the tank

i s f ul I at a gi ven t'ime.

bJhen peak usage rates exceed the well's capacity, a larger

pressure tank can be used. An intermediate storage tank may be more

appropriate if storage requirements exceed 700 ga'llons. In any case:

the water system should be able to supply the peak use rate continuous'ly

for one hourin domestic systems, and two hours for light jndustrial

and farm applications.

In some cases, both a.large djameter well and an oversized

c-2



pressure tank may be requ'ired. This combinatjon would provide

daily domestic needs from the pressure tank, and an emergency

storage suppiy 'in the well cas'ing.

Above ground non-pressurized tanks

L'ight industry and agriculture can also take advantage of well

storage capac'ities. Required storage volumes are much larger than

domestic applications: they should be able to meet water needs

for 24 to 48 hours. ldater supply wells must also yjeld more -

5 to'10 gpm for a .10,000 galion storage tank is sufficient.

Sjnce systems for light industry and agriculture must also

provide water for uses at varying pressureso booster pumps and pressure

tanks are used.

I'Jater is pumped into the non-pressurized storage tank by the well

pump. Pumping head js only required to overcome pipe friction loss

and elevatjon between the pump and storage tank "full" level.

A float-level is used to control pump operat'ion. The pump

"on-off" range is usually .l00 ga1'lons. (After the float switch

turns the pump off, 100 gallons of water must be drained from the

tank before the pump w'i11 be reactivated.)

Water levels in a low yield well supplying such a storage

system must be closely controlled. Solenoid act'ivated pump switches

attached to water level sensors'in the well are used for this

purpose.

The sensors are located at two levels in the well: the lower

sensor a few jnches above pump intake, and the upper one just below

the wel I 's m'in'imum stat'ic water I evel . When water I evel drops

c*3



past the lower sensor, a circu'it is broken, activating the solenoid

swjtch and turning off the pump. hlhen the well recovers its natural

static level, the upper sonsor resets the lower sensor circuit

and starts the pump.

Control of pump motor speed js another way to prevent dewatering

of low yield wells. Pump motors are allowed to pump on'ly 85 percent

of the wells' production capacity. Since jt cannot pump more water

than the wel I produces, the pump wi 1 1 not dewater the wel I .

Pump motors for 1ow yield wel'l systems must be continuous

duty type, since the pump may be required to operate around the

clock.

TABLE I

Vol ume of Water Storage In
lolater Fi I I ed Casi ng Length

Storage per
linean ft. 50' Section 75' Section .l00' 

Section
Nom'inal

Casing Size

4"
5"
6"
B"

l0',
12".l4"
.|5"
.|6"

lg"
20,,

Insi de
Di ameter

4.03"
5.05"
6.07"
B.07",|0,Ig"

12.09"
13.25"
14.25"
.| 
5.25"

l7.lB"
lg.lB"

0. 66
I .04
I .50
2.66
4.24
5.96
7.16
8.29
9.49

12.05.l5.0.|

gal
gal
gal
gal
9algal'
gal
gal
gal
gal
gal

33 ga1

52 ga1
75 ga1

1 33 ga1
212 ga1
300 ga1

358 gal
4i 5 ga1
475 ga1

603 gai
751 gal

49.5 ga1
78 gal

ll3 gal
200 gal
3lB gal
447 gal
537 gal
622 gal
712 gal
904 gal

1126 gal

66 gal
104 ga'l
1 50 ga1

266 ga1
424 ga1
600 ga1

7'16 ga1
830 ga1
949 ga1

1206 ga'l
I 50.I gal

Reprinted by permission of Water Well Journal
Copyright 1978 All Rights Reserved

Publ ishing Company.
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ACIDiC ROCKS:

ALLUV I UM:

AMYGDALO I DAL :

ANTI CL I NE :

AQU ICLUDE:

AQU I FER :

GLOSSARY OF TERMS

A general descriptive term referring to igneous

rocks which contain greater than 66 percent

sil'ica (Si0Z).

A general term for sediments deposited during

recent geologic time by a stream or river.

Describes volcanic rocks characterized by cavities

formed by gas bubbles and subsequently filled

w'ith minerals differing from the rock mass.

An arch or fold in rock strata that is convex

upward.

A geo'log'ic formation which is not permeable

enough to furnish an appreciable supply of water

to a wel'l or spring.

A geologic formatjon, group of formations, or

part of a formation capable of supplying water

to wells and springs in usable quantites. An

aqu'ifer is unconfined (water table) if the surface

of the water table is at atmospheric pressure

or confined (artesian) if the upper surface of

the groundwater is under pressure in excess of

atmospheric pressure due to the presence of an

overlyingo confining formation (aquiclude).

A granular sedimentary rock composed of large

grains of quartz and feldspars from the disinte-

gration of acidic rocks.



ARTESIAN SURFACE:

AUGEN:

AUGEN GNEISS:

BASALT:

BASE FLOW:

BASIC ROCKS:

BASEMENT:

BEDDING PLANE:

BEDROCK:

B IOTITE:

BOULDER:

Level to which water will rise in a closed column

due to hydraulic pressure.

Refers to 'large mjneral grains which have the

shape of an eye.

A banded metamorphic rock characterized by the

presence of large phenocrysts, "augen", of various

mi neral s .

A dark, ferromagnesian-bearing igneous, extrusjve

rock.

The flow of groundwaterinto a stream.

A general term describing igneous rocks which are

low in silica and relative1y high in dark

colored mineral s.

Complex of crystall'ine igneous and metamorphic

rocks which underlie the sedimentary sequence 'in

any region and appear to have no other units

below them.

A plane surface separating layers 'in stratified

rocks.

A sol'id rock exposed at the surface (outcrop)

or overlain by unconsolidated materials.

A common black mineral of the mica group.

A rock fragment greater than 256mm ('l0.08 inches)

in diameter.

A rock composed of highly angular fragments often

caused by crushing or movement along a fault.

BRECC IA:



CALCiTE: Calcium carbonate' a corffnon minenal which occurs

in o"acks and cavities in rocks and as the main

constituent of Iimestone.

CAMBRIAN: A term used to describe a geo'log'ic age' 570-500

million years agoo and also those rocks which were

formed during that Period.

CASING: Pipe, either metal, piastic, or in some cases

cemertt, whjch is placed'in a drilled hole to

prevent the hole caving and to seal out surrounding

contami nants.

CATCHMENT: The area compris'ing the actual waterintake area

for aquifer recharge and all areas that contribute

surface water to the intake area.

CHL0RITE: A sheet-like dark green mineral belonging to the

mica group.

CLASTIC: A term referring to rocks composed of fragments

of pre-existing rocks.

CLAY PAN: A 'layer of compacted but not cemented clay which

'is relatively impervious to water.

C0BBLE: A rock fragment with a diameten of between 64mm

(2v; tnches) and 256mm (.|0.08 inches). 0ften

rounded from stream transport.

C0LI-UVIAL: tJnconsolidated masses of sediments that are

gravi ty depos'i ted .

C0NE 0F DEPRESSION: The depression in the level of the water table

caused by pumping water out of the aquifer. The

depression usually takes the form of an inverted



CONFINING LAYER:

CONGLOMERATE:

COUNTRY ROCK:

CROSS BEDDiNG:

CRYSTALLINE ROCKS:

DIABASE:

DIASTROPHISM:

DI KE:

DIP:

DOLOMITE-MAGNES iUM
CARBONATE:

cone around the point of withdrawal .

An impervious layer which restricts water to the

aqu'ifer in whjch the water is already present.

A rock composed of rounded fragments of pre-

existing rock cemented together by another

mineral.

Refers to the rock into which an r'gneous (molten)

mass intrudes.

Li neations or I ami nations wi th'in a I ayered

sequence which are oblique to the direction of

the main strata.

Rocks whose constituent m'inerals have a definite

recognizable crystal form.

A fine to medium grained dark colored rock sjmilar
"in composi tion to basal t.

The earth movement process of mountain bui'lding.

A tabular mass of igneous rock whjch cuts through

adjacent rocks. Usually caused by the intrus'ion

of a magma.

The angle between the surface of an inclined

stratum and the horizontal p1ane.

A common rock forming minenal similar in composition

to limestone but containing magnesium and

sometimes iron.

A pistachio-green calc'ium silicate mineral

comrnonly found in metamorphic rocks.

EP I DOTE :



EUGEOSYNCL I NE:

FAC I ES:

FAULT:

FEEDER DIKE:

FELDSPAR:

FELS I TE :

FLUV IAL :

trnt n.

FORMAT i ON :

FRACTI.IRE:

FRAG I PAN :

GABBRO:

A large area formed as a geosyncljne which

contai ns vol can'ic material .

A distinct unjt of sedimentary rock distinguished

from adjacent units by differences in l'ithology'

fossil content, structure, etc.

A plane of fracturing along which movement has

taken place in some direction.

A smaller offshoot of a dike which shows the

same cross cutting relationship and connects

to the main dike"

important rock forming minerals of the aluminum

silicites.

A term given to an igneous rock consisting of

extremely fine crystals of quartz and feldspars.

Some larger crysta'ls may be present.

River-deposi ted sediments.

A curve or bend in rock strata.

An assemb-l aEe or rock masses grouped together

into a unit that is convenjent for description

or mappi ng.

Breaks in rocks due to intense-folding or faulting.

A resistant 'layer of clay with calcaneous cement

which is imperivous to water.

A deep'ly emplaced magmatic rock similar to

gran'i te, though darker.

A mineral group which 'is often jndicative of

metamorphi sm.

GARNTT:



GEANTICLINE:

GEOHYDROLOGY:

GEOSYNCLINE:

GNEISS: .

GPD:

GPM:

GRANiTE:

GRANULITE GNEISS:

GRAYWACKE:

GREENSCH I ST:

GREENSTONE:

A broad uplifted section of the crust of the

earth.

The science that relates geology and the water

beneath the earth.

A l arge sync'l i ne.

A metamorph'ic rock characterized by alternate

bands of granular and p'laty or, nore generally,

light and dark mjnerals.

Gallons per day.

Gal I ons per m'inute.

A rock which forms below ground and consists of

alkalic feldspars, quartz, and mjnor amounts of

biotite, nica and other feldspars.

A high temperature, banded, metamorphic rock

consisting of even-sized gra'ins and containing

mica and hornblende.

A general term refeming to a grayish rock

composed of angu'lar fragments of granular igner:us

in a clay-s'i1ica groundmass.

Boti a degree of metamorphism and a schistose

green rock consisting primarily of chlorite.

A general term given to basic igneous rocksn such

as basalt, which contain abundant chlorite,

epidote and hornblende.

The material surrounding the crystals and grains

in a rock"

GROUNDMASS:



GROUNDWATER:

IlYDRAULIC LIFT:

}JYDROLOGY:

HYDROTHERMALLY
ALTERTD:

I GNEOUS :

iGNEOUS INTRUSION:

IMPERMEABLE:

I NTRUS I VE :

JO i NT:

KAOLINITE:

Waten occurring in the zone of saturation beneath

the land surface.

The difference between the top level of an artesian

aquifer and the level to which a column of water

wi I I ri se f rom th"is aqui fer due to hydraul i c

pressure.

The science that relates to the water of the

earth.

Refers to the processes whereby rocks and their

constituent minerals are changed by exposure to

mineral rich waters associated with magmas.

llocks or rni neral s that sol i di f i ed f rom mol ten

rock (magma).

Refers to the f,orceful emplacement of molten

rock into existjng rock.

Refers to a substance or strata whjch will not

allow water to pass through it.
Refers to igneous rocks wh'ich have penetrated 'into

or between older rocks whiie molten but have

solidified before reach'ing the surface.

A fracture in rock a'long which no appreciable

movement has occurred.

A common alum'inum s'ilicate c1ay. Kaolin, a rock

composed chiefly of kaolinite is used to make

porcelain and china.

The compos'ition and structure of rock.LITHOLOGY:



LPM:

MAFI C :

MASS WASTING:

METAMORPHI C:

MICA:

IU iOGIOSYNCL I NE :

MGD:

MONZON ITE :

M.Y.B.P.:

NORMAL FAULT:

ORDOVI CIAN:

Liters per minute.

Refers to ferro-tragnes'ian minerals or, more

generally, Cark colcred minerals.

Refers to the movement of 1 arge rock or earth

masses due to gravity.

Refers to any rocks deriveci .r-rom pre-exisLing

rocks 'in reponse to pronounced changes of

temperature, pressure, and chemical env"inonment.

Refers to a group of thin-sheetljke minerals

wh'ich are an important constjtuent of niany

metamorphic rocks.

A iarge geographic area formed from a syncline,

but lacking volcanic rnaterials.

Mi I I ion ga1 1 ons per day.

A rock which contains orthoclase and plagioclase

feldspars in roughiy equal amounts. Thjs rock

forms below the ground surface and usually con-

tains small amounts of quariz.

Mi I I "ion Years Before Present.

A fault in which the upthrown side of the fault

does not overhang the doulnthrown side.

A term used to describe a geologic age, 500-430

M"Y.B"P., and also Lhose rocks which formed

during that period.

Generally used to refer to all unconso'lidated

materials which overlie bedrock.

OVERBURDEN:



PALEOZOI C:

PERCOLATiON:

PERMIABIL ITY:

PIRVIOUS:

PHENOCRY5T:

PHYLL I TE :

POROS iTY:

POTEI\TI OMETRIC
SURFACE:

PRE[AM[}RI.AN:

PUBLIC SUPFLY:

A ger:iogic era which extends from 570 M.Y.B.P'

ta 225 Pl.Y.B.P.

Iulovement of water through the interstices of

rocks or soils except movement through large

clpenings such as solutjon channels.

A measure of the abiltty of a rock, sediment

or soil to transmit water.

Refers to a material which will allow water to

pass through it.
A 1arge, distinct crystai in

groundmass.

A micaceous metamorphic rock

but I ustrous.

a finer grained

similar to slate,

The property of a rock, so'il, or other material

of containing spaces or vo'ids; the ratio of the

void space to the total volume in a given sample

of rock or soil, expressed as a percentage.

The level to which water will rise in a cased

well; describes the water table surface or the

artesian surface depending on the confining

condjtjons of the aquifer.

Refers to a geologic age, prior to 570 M.Y.B.P.'

and those racks which formed during that tjme.

As defined by the Virginia Department of Health'

a water system serving 25 indjviduals or more

than l5 res'!cient'ial connections.



PUMPING LEVEL:

PYROCLASTiC:

QUARTZ:

QUARTZITE:

RECHARGE:

RELI EF:

RHYOL ITE:

RUNOFF:

SAPROL ITE :

SCHIST:

Depth to waterin a well when the well is being

pumped.

Rocks formed of volcanic debris, i.e., ash,

cinders, bombs.

Silicon Dioxjde (S'i02). One of the most abundant

rock forming minerals.

A metamorphic rock consisting of greater than

95 percent quartz.

The addition of water to an aquifer by natural

infiltration or artifical means.

The difference in elevation between high and low

points on the earth's surface.

This igneous rock forms above ground and consists

of sjlica and feldspar. Glass content (silica)

is often very high.

That part of prec'ipitation that appears in streams;

includes surface runoff and groundwater flow

that reaches streams. Groundwater runoff is a

measure of the change in groundwater storage

and indicates rate of groundwater recharge.

Refers to weathered, highly decomposed rock.

A metamorphjc rock with somewhat-para11e'l grain-

orientation giving a banded appearance by color

or mi neral i zat'ion.

Material borne and deposited by water, wind, or

gi aci ers .

SEDIMENT:



SIiliMINTARY:

STRIC ITE:

SHAL[:

SI LT:

SLATE:

STATIC LEVEL:

STRUCTURT:

SY EN I TE:

SYNCL I I'iE :

T/\t a.

TECTCN 1 C :

fieiers Lo rocks formed from the consolidation of

secliments.

Fine gra"ined mica often found in schjsts; often

appears to be a c1ay.

A I am j nated sed'imentary rock consi st"ing primari 1y

of compacted clay size grains.

An unconsolidated sed'iment whose gra'ins range'in

size from l/l6mm ta 1/256mm in diameter.

,A metamorphjc rock characterized by distjnct

cleavage and fine grains.

Depth to water in a well when the well is not

being pumped.

Refers to the physical features present jn an

area or i n an i ndi vi dua'l rock.

An igneous rock wh'ich forms below ground and

cons j sts of fe'l dspar and maf ic mi neral s .

A fold in rock strata that is convex downward.

Pertaining to, or designating the external earth

forms resulting from deforming forces such as

compression, tension, etc.

A very soft mineral used in talcum powder'

i nsul ators, etc.

Refers to the processes and resul ts associated

with deformation of the earth's crust.

A level or gent'ly inclined surface bordering

a stream wh'ich represents a former level of

the stream" Terraces are composed of alluvium

TERRAC[:



TEXTURE:

TOPOGRAPHY:

TRIASS IC:

TUFF:

UNCONSOL IDATED:

WATER TABLE:

l^JEATHERING:

produced by renewed downcutting of the flood

plain or valley floor by the stream.

Physical aspects of a rock including grain size,

shape, arrangement, etc.

The surficial aspects of an area, i.e., flat,
rolling, hi11y, etc.

A term used to describe a geologic age, 195-225

M.Y.B.P., and also those rocks which were formed

during that period.

A rock composed of small particles of volcan'ic

debris which are welded together.

A sediment that 'is loose'ly arranged or whose

particles are not cemented together.

The upper surface of the zone of rock or soi I

saturated with ground water.

A general term referring to the chemical and

physical processes whereby rocks are broken

down into smaller particles or basic minerals.
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